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The biogeochemistry of elemental sulfur contaminated soils: insights into effective 
remediation 
 
Chairperson:  Nancy Hinman 
 
  Soil contamination that results from elemental sulfur (S0) deposition is a new 
occurrence. Elemental sulfur is stockpiled as a byproduct from the oil and gas industry 
and is deposited by biodegradable trap and skeet targets at shooting ranges. 
Chemolithotrophs and mixotrophs can oxidize S0 to H2SO4. Consequently, in areas where 
excess S0 is deposited or stockpiled, soils can acidify to pH values observed with acid 
mine drainage. 
 
  I studied S0 contamination at a former sporting clay range. For seven years, the range 
used biodegradable trap and skeet targets that contained S0. I analyzed the chemistry of 
the targets and sampled and analyzed range soils. We then conducted batch experiments 
to investigate whether amendments restore contaminated soils. Amendments included 
CaCO3 by itself and in combination with: fertilizer, compost, biochar, chitin, or biochar 
and fertilizer. I paired the batch experiments with a similar study that tested the ability of 
the amendments to restore vegetative cover.  
 
  Targets were composed of approximately 53% CaCO3, 41% S0, and 6% modifiers, and 
on a molar basis, there was 2.3 times more S0 than CaCO3. From field data, I observed a 
positive correlation between target cover and SO42- (ρ = 0.82, P < 0.001), which indicated 
the oxidation of S0 to H2SO4. Sulfate was negatively correlated with pH (ρ = -0.93, P < 
0.001) because insufficient CaCO3 existed in the targets to neutralize all the acid 
produced from S0 oxidation. Plant cover decreased with decreasing soil pH (ρ = 0.62, P = 
0.006).  
 
  The addition of CaCO3 in the batch experiments raised contaminated soil pH from 3.3 to 
6.3, which equaled the pH in uncontaminated soils. Total plant biomass was the greatest 
for “CaCO3”, “CaCO3 + Fertilizer” and “CaCO3 + Biochar + Fertilizer” amended soils. 
The oxidation of S0 to H2SO4 was likely responsible for the decrease in soil pH over time. 
The experiments demonstrated that techniques to restore acidic soils may be used for 
acidic soils contaminated with S0, but in the long term, the acid generating potential of S0 
must be considered to avoid future acidification. 
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Preface 
This research investigated the biogeochemistry of S0 and its influence on the 
environment. I then investigated amendment strategies to remediate S0 contaminated 
soils. Findings are presented in two chapters and three appendixes.  
 Chapter 1, entitled “Extreme soil acidity from biodegradable trap and skeet 
targets”, explores the influence of excess S0 on the environment. For a study site, we used 
a former sporting clay range that used trap and skeet targets that contained S0. The 
findings show that biodegradable targets can contain 53% CaCO3, 41% S0, and 6% 
modifiers. Chemolithotrophic bacteria can use S0 as an electron donor to fix carbon, and 
during the process, S0 is oxidized to H2SO4. I surveyed the study site and found soil pH 
values below 3 where targets accumulated, which killed plants and created conditions 
that could leach Pb from shotgun pellets. Appendix A includes data presented in Chapter 
1. 
 Chapter 2, entitled “Amendment strategies to remediate soils contaminated with 
elemental sulfur”, covers the possible management options for S0 contamination and tests 
the effectiveness of soil amendments to restore contaminated soils. I experimented with 
CaCO3 amendments, in combination with nutrient and organic matter additions to 
increase soil pH and restore soil fertility. Calcium carbonate amendments restored soil 
pH and plant cover, but over time, pH decreased, likely as a result of S0 oxidation. 
Elemental sulfur contamination resembles acid mine drainage because S0 is a source of 
potential acidity that continually releases acid until the source is depleted. Appendix B 
includes data presented in Chapter 2. 
 Chapters 1 and 2 were intended to be submitted for publication in two different 
journals and were formatted differently. References are listed at the end of each chapter. 
Data that I collected but do not present in Chapters 1 or 2 is presented in Appendix C.  
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Abstract  
Lead pollution at shooting ranges overshadows the potential for contamination issues 
from trap and skeet targets. We studied the environmental influence of targets sold as 
biodegradable by determining the components of the targets and sampling soils at a 
former sporting clay range. Targets were composed of approximately 53% CaCO3, 41% 
S0, and 6% modifiers, and on a molar basis, there was 2.3 times more S0 than CaCO3. We 
observed a positive correlation between target cover and SO42- (ρ = 0.82, P < 0.001), 
which indicated the oxidation of S0 to H2SO4. Sulfate was negatively correlated with pH 
(ρ = -0.93, P < 0.001) because insufficient CaCO3 existed in the targets to neutralize all 
the acid produced from S0 oxidation. Plant cover decreased with decreasing soil pH (ρ = 
0.62, P = 0.006). For sites that had pH values below 3, 24 tons of lime per 1000 tons of 
soil would be required to raise soil pH to 6.5. Lime-facilitated pH increases would be 
transitory because S0 would continue to oxidize to H2SO4 until the S0 is depleted. This 
study demonstrates that biodegradable trap and skeet targets can acidify soil, which has 
implications for increased Pb mobility from shotgun pellets.  
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Introduction 
Research about shooting ranges has focused almost exclusively on the fate and 
toxicity of Pb derived from spent ammunition.1–6 Few of these studies evaluate secondary 
contamination from trap and skeet targets. Traditionally, trap and skeet targets were 
composed of CaCO3 bound with coal tar pitch.7 These targets were found to be poisonous 
to animals upon ingestion.8,9 This finding prompted the replacement of coal tar pitch with 
petroleum pitch, the latter of which contains carcinogenic polycyclic aromatic 
hydrocarbons (PAHs).7 Baer et al., 1995 showed that the bioavailability of PAHs in 
targets is low unless the targets are consumed. Many studies that investigate 
contamination at shooting ranges rule out trap targets as a contamination source based on 
Baer et al. 1995 findings, although the compositions of the some targets have changed. 
To provide an alternative to petroleum pitch targets, new ingredient combinations 
were explored. Ingredients were limited to those that produced targets sturdy enough to 
maintain structural integrity during transport and varying environmental conditions, but 
also break when struck with shotgun pellets.12 At least five patents replaced petroleum 
pitch with elemental sulfur and some used CaCO3, white sand, and/or fly ash as filler.12–14 
Modifiers were often added to decrease flammability, increase fluidity and molding 
properties during manufacturing, as well as increase brittleness; these modifiers include: 
lignin sulfonate, bentonite clay, maleic acid, aluminum silicate, and styrene monomer. 
Most of the targets produced adhering to the patented processes yielded products either 
too difficult to manufacture or too fragile for use.12 
Skeuse and Spencer (1999)15 patented several ingredient combinations that 
overcame the shortcomings of previous patents; they improved upon the patent over three 
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years.12 The new patent claimed that the product was substantially pitch free, had a high 
LD50 toxicity level, and had high frangibility. They patented an ingredient combination 
composed of 50% CaCO3 as filler, 41% S0 as binder and the following modifiers: 4% 
polyvinyl chloride (PVC), 3% aluminum silicate, 2% lignin sulfonate, and 0.12% carbon 
black. Targets manufactured with these ingredients became available in 1998 and are 
distributed internationally. The targets are marketed to biodegrade to 5% of their original 
weight within two years of use, depending on precipitation. Shooters and range managers 
who seek to reduce waste and the environmental problems associated with petroleum 
pitch targets may purchase biodegradable targets. Inventors patented targets that contain 
S0 in order to provide an alternative to petroleum pitch targets, but no studies evaluate the 
environmental fate of trap and skeet targets that contain S0. 
To investigate the environmental influences of trap and skeet targets that contain 
S0, we studied a sporting clay range (Bitterroot Sporting Clays) in Florence, MT. 
Recreational shooting and league and tournament competitions between 1996-2006 
brought 30−120 shooters per week to a 23-station course that covered 18 hectares in a 
floodplain and adjacent hillsides to the Bitterroot River. In 1999, the range began 
shooting targets that contained S0. Areas denuded of vegetation, ranging in size from 5–
1500 m2, persisted over five years after the range closed where target debris accumulated. 
This prompted us to assess the potential for targets to influence soil properties and plant 
cover. To do this, we analyzed the chemistry of the targets and determined relative 
abundances of the chemical components. We also sampled the site to see how soil 
chemistry and pH related to target and plant cover.  
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Materials and methods 
Sampling 
The study site is located in the Bitterroot Valley, Montana (46° 41’N, 114° 02’W; 
elevation 970 m). We stratified the sampling design so that areas with visible trap target 
buildup were sampled at higher density than uncontaminated areas (Figure 1). Soil 
samples were taken with a soil auger (7.6-cm diameter) to a 16.5-cm depth throughout 
the sporting clay range at 46 points. Each soil sample was air dried in a 3.8-liter plastic 
bag. At each point, plant and target cover was visually estimated within a 25-cm x 50-cm 
quadrat frame centered on soil collection sites. Because data were collected in late 
October, many forbs were either undetected or senesced, so they did not contribute to the 
plant cover variable as much as if they had been measured in the summer growing 
months. For that reason, our vegetation cover measure best-represented perennial and 
winter annual grasses.  
Chemical analysis 
Plant material was removed from the sampled soil and the soil was homogenized. 
Soil (30–50 g) was weighed and dried in an oven (105 °C) overnight to determine soil 
moisture, and 270–310 g was weighed to make saturation pastes to measure electrical 
conductivity. Pastes were left overnight and extracts were filtered under vacuum pressure 
with a 500 mL Buchner funnel and a Barnant Model no. 400-3910 pressure pump.16 Four 
of the 46 pastes did not yield a measureable amount of extract. Electrical conductivity of 
the extracts was measured using an Orion Star and Star Plus Meter (Thermo Scientific 
Beverly, Massachusetts, USA).  
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Soil pH was measured on water extracts of soils. Air-dried and sieved soil (10 g; 
< 2 mm) was added to a tube and 20 mL distilled water was then added. Samples were 
stirred initially, again after 30 minutes, and then let stand for 1 hour.16 pH was measured 
using an Orion Star and Star Plus Meter (Thermo Scientific Beverly, Massachusetts, 
USA).  
Twenty samples were chosen for chemical analysis. We chose samples that 
spanned the pH gradient observed from the original 46 samples. Calcium and SO42- were 
extracted with a saturated paste extract and analyzed using an Inductively Coupled Argon 
Plasma (ICP) Emission Spectrometer (Analytical Laboratory, University of California 
Davis); because of the low solubility of S0 17, we assumed that no S0 was present in the 
saturated paste extract. Lime requirement is an analysis that can be used to determine the 
amount of CaCO3, or other liming material, that must be used to raise the soil pH to a 
desired level. Lime requirement was determined for twelve sub-samples that spanned the 
pH gradient observed in the field, using the SMP buffer lime requirement method with a 
desired pH of 6.5 (MSE Analytical Laboratory, Butte, MT 59701).18 Not all sub-samples 
were paired to subsamples taken for chemical analysis due to lack of soil.  
Target analysis 
Mineralogical composition of the targets was analyzed with an X-ray 
diffractometer (XRD). Samples were ground using a SPEX ball mill with a zirconia vial 
and further ground by hand with an agate mortar and pestle. Samples were analyzed with 
an X’Pert PRO XRD with a copper X-ray tube (40 mA, 45kV). Three scans from 2 to 70 
°2θ were summed prior to data analysis and interpretation. Scan parameters were: Step 
Size [°2θ.]: 0.0170, Scan Step Time [s]: 2.7900, and Scan Type: Continuous. XRD 
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spectra were analyzed using X’Pert HighScore Plus at the University of Montana. 
 The S0 concentration in targets was determined using ion chromatography based 
on the methods described by McGuire and Hamers, (2000),19 Ca2+ concentration was 
determined by using flame atomic absorption spectroscopy, and SO42- and S2- 
concentrations were determined using High Performance Liquid Chromatography-
Combustion Infrared Detection (SGS Canada, Ontario). Because XRD analysis identified 
CaCO3 as the only CO32- containing mineral in target materials, consistent with the patent 
recommendations,12 the weight of CO32- was calculated from the Ca2+ concentration 
assuming a 1:1 molar ratio of Ca2+:CO32-. The total percent weight of the modifiers was 
calculated as the residual from the sum of CaCO3, S0, and SO42-. 
Statistical analysis 
Principal component analysis (PCA) was performed to address how samples were 
ordinated in environmental space using CANOCO (version 5). To evaluate whether the 
data fits a linear model, we examined gradient lengths after performing a detrended 
correspondence analysis. Two outliers with respect to the pH vs. SO42- relationship were 
removed from the PCA. We used the non-parametric two tailed Spearman rank order 
correlation analyses to determine relationships between any two variables. We used a 
non-parametric statistics because data were not normally distributed. Statistics were 
performed with SPSS (version 20; α=0.05).  
Results and discussion 
Target composition 
XRD analysis confirmed that the targets contained S0 and CaCO3 as reported by the 
manufacturer. Chemical analysis showed that S0 and Ca2+ comprise 40.2% and 21.4% of 
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the targets, respectively (Table 1). The weight percent of CO32- equaled 32.1%. Hence, 
the combined weights of Ca2+ (21.4%) and CO32- (32.1%) in the CaCO3 molecule 
accounted for 53.7% of the total weight, similar to the amount recommended by Spencer 
and Skeuse (2002).12 Sulfate comprised 0.3% of the total weight and could be a 
byproduct of the oxidation of S0 or a component of lignin sulfonate. The concentration of 
S2- was below the detection limit. Summed percent weights of each component resulted 
in a residual of 6.0%; which may be accounted for by modifiers such as PVC, aluminum 
silicates, and carbon black, which Spencer and Skeuse (2002) 12 recommended should 
comprise 9% of the total weight. However, the sum of uncertainties for each component 
equaled 6.8%, so the residual of 5.9% is likely a combination of unmeasured modifiers 
and measurement uncertainty.  
Chemolithotrophic and heterotrophic bacteria in soils can oxidize S0 to H2SO4 
(Equations 1-3).20–22  
S0 + O2 + H2O → H2SO3        (1) 
H2SO3 + ½O2 → H2SO4        (2) 
H2SO4 ⇌ 2H+ + SO42-         (3) 
The rate of abiotic oxidation of S0 is considered negligible compared to the rate of biotic 
oxidation of S0.23,24 The main component of the target, CaCO3, can neutralize acid in a 
molar ratio of 1:1 CaCO3: H2SO4 (Equation 4), assuming a well-mixed medium and all 
bicarbonate intermediates react.25 
2H+ + CaCO3 → Ca2+ + CO2 + H2O       (4) 
Sulfur containing targets can be classified as biodegradable because biota oxidize S0, and 
the byproduct, H2SO4, dissolves the other main constituent of the target, CaCO3. 
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Although CaCO3 neutralizes acid, more acid can be produced than the CaCO3 can 
neutralize because the ratio of S0 to CaCO3 is 2.3:1. Where targets accumulate and 
biodegrade, the soil pH change will depend on the amount of S0 oxidation and the 
buffering capacity of the soil. 
Microbes only oxidize S0 atoms on particle surfaces26; as surface area of S0 
increases, the oxidation rate increases.24,27,28 Trap targets are designed so that when they 
are shot, they “smoke”, or turn into fine powder;21 shooters facilitate the rapid oxidation 
of S0 by increasing the target’s surface area. Targets hit with fewer pellets may break into 
larger fragments–which will take longer to oxidize than smaller fragments, but the rate at 
which they alter soil chemistry will be reduced. 
Soil chemistry and plant cover 
Figure 2 shows a PCA plot of the first two principal coordinate axes, which 
combined explained 83% of the variation in the environmental variables. PCA axis #1 
explains 70% of the variation in the data. Vectors for target cover, Ca2+, SO42-, and EC 
have a strong negative correlation with PCA axis #1, whereas plant cover and pH have a 
strong positive correlation with PCA axis #1. PCA axis #2 explains 13% of the variation 
in the data and correlates with percent H2O saturation. Because PCA axis #1 explains 
70% of the variation in the data between samples and all variables besides percent H2O 
saturation covary and correlate with the axis #1, this graphic supports that the byproducts 
and components of the targets likely drive the soil chemical parameters.  
Target cover exhibited a significant positive correlation with SO42- concentration 
(ρ = 0.82 P < 0.001; Figure 3a), Ca2+ concentration (ρ = 0.69, P = 0.001) and EC (ρ = 
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0.75, P < 0.001; Figure 3b). Elevated SO42- concentrations indicated that S0 from the 
targets oxidized to H2SO4, releasing protons upon dissociation.  
Soil pH ranged from 6.3 to 2.4 and decreased in areas with high target cover (ρ = 
-0.78, P < 0.001; Figure 3c) and SO42- content (ρ = -0.93, P < 0.001; Figure 3d). The 
relationship between SO42- and pH resembled an exponential decay curve in which the 
slope of the line decreased as SO42- concentrations increased. Below pH 2–3, sulfur 
oxidation did not further decrease pH, which may be because the amount of acid being 
produced was insignificant relative to the amount of H+ already in the soil.  
Plant cover decreased as soil pH decreased (ρ = 0.62, P = 0.006; Figure 3e) and 
sulfate concentrations increased (ρ = -0.61, P = 0.004; Figure 3f). Sites with greater than 
20% target cover hosted less than 23% plant cover. Plants that grew near areas that had 
high target density showed signs of chlorosis. At low pH, nutrient availability decreases31 
and plants are exposed to cations that can be toxic at high concentrations, such as H+, 
Al3+, Mn2+, and Fe3+.30,32 These factors may have contributed to decreased plant cover in 
areas of low pH. Background soils had low EC, whereas contaminated sites had elevated 
levels of EC. This suggests that Ca2+ and SO42- from target degradation caused elevated 
EC where targets accumulated. Although EC values could be elevated relative to 
background (up to 0.15 dS), the EC values were too low to be considered saline (> 4 
dS).33 Elevated EC values were likely too low to limit plant growth.33 
Management: lime requirement and potential acidity 
Raking up targets to prevent the effects caused by the accumulation of sulfur-
containing trap and skeet targets may be ineffective because the action would 
preferentially remove larger target fragments instead of smaller fragments, which would 
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oxidize more rapidly due to their increased surface area per unit volume. Agricultural 
limestone can be added to raise soil pH.31 At the study site, soils that had a pH of 2.4 
would require 24 tons of agricultural limestone per 1000 tons of soil to increase soil pH 
to 6.5 (Figure 4). Additions of agricultural limestone may increase soil pH, but the soil 
may not maintain the higher pH value if S0 is present. Elemental sulfur is a source of 
potential acidity because S0 oxidizes to H2SO4 until depleted. Consequently, soils treated 
with agricultural limestone may revert to acidic conditions. This source of recalcitrant 
acid forming material resembles pyrite oxidation in acid mine drainage.34,35 In-situ 
remediation may require repeated agricultural limestone applications or soil excavation. 
The US-EPA recommends that soil pH levels at shooting ranges do not fall below 
6 or above 8, because outside of that pH range, the mobility of Pb increases.36 In areas 
where the oxidation of targets decreases soil pH, shotgun pellets that fall in that area may 
be more likely to release soluble Pb. Based on this, future research should investigate 
whether sulfur-containing targets increase the transport rate of Pb in soils. 
Approximately 9,000 non-military outdoor shooting ranges operate in the United 
States.36 Of these, 2000 ranges have trap, skeet, or sporting clay ranges.37 Most 
remediation strategies and best management practices focus on reducing the 
bioavailability and mobility of Pb and assume that trap targets are mostly harmless to the 
environment. Upon biodegradation, targets that contain elemental sulfur can be harmful 
to the environment. This study demonstrates that the fate of trap and skeet targets needs 
to be considered when assessing the environmental impact of a shooting range. We 
highlight a previously unrecognized effect of trap and skeet targets that may increase the 
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mobility of Pb from shotgun pellets and pose a difficult form of contamination to 
remediate.  
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Table 1. Mass and molar composition of trap and skeet target (mean ± se, n=3).    
 
*Only CaCO3 and S0 were included in the total moles calculation. 
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Figure 1. Sample locations in the study area. 
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Figure 2. PCA plot of relationships between environmental variables. PCA 1 accounts 
for 70% of the total variance of percent H2O saturation, Ca2+, target cover, and plant 
cover. PCA 2 accounts for 13% of the total variance. Dots represent samples and vectors 
shows how each variable contributes to sample separation in ordination space. Vector 
length shows the strength of how each variable contributes to sample separation. n=18   
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Figure 3. Scatterplots of a) Target Cover (%) vs. SO42- (n = 20), b) Target Cover (%) vs. 
EC (mS) (n = 42) c) Target Cover (%) vs. pH (n = 46), d) SO42- vs. pH (n = 20), and e) 
pH vs. Plant Cover (%) (n = 46), and e) SO42- vs. Plant Cover (%) (n = 20). A 
Spearman’s rho and P value are given in each figure.  
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Figure 4. A scatter plot that shows the relationship between pH and lime requirement 
(tons of CaCO3 per 1000 tons of soil). n=12 
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Chapter 2. Amendment strategies to remediate soils contaminated with elemental 
sulfur 
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Abstract 
Excess elemental sulfur (S0) is deposited in the environment as a byproduct from the oil 
and gas industry and as trap and skeet targets at shooting ranges. Microbes can oxidize S0 
to H2SO4 when water and air are available; this process poses a threat to soil, waterways, 
and biota. We explored whether combinations of soil amendments could be used to 
remediate soils contaminated with S0 in a batch experiment. Amendments included 
CaCO3 by itself, and in combination with: fertilizer, compost, biochar, chitin, or biochar 
and fertilizer. We also investigated which amendment combinations allowed the greatest 
biomass yield of Poa nevadensis (opportunity germplasm). The addition of CaCO3 raised 
contaminated soil (“Control”) pH from 3.3 to 6.3, which equaled the pH in 
uncontaminated (“Reference”) soils. Total plant biomass was the greatest for “CaCO3”, 
“CaCO3 + Fertilizer” and “CaCO3 + Biochar + Fertilizer” amended soils. The oxidation 
of S0 to H2SO4 was likely responsible for the decrease in soil pH over time. This study 
demonstrates that techniques to restore acidic soils may applied to acid soils 
contaminated with S0, but in the long term, the acid generating potential of S0 must be 
considered to avoid future acidification. 
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1. Introduction 
Approximately 5–10 Mt of sulfur is stockpiled annually as a byproduct from oil 
and gas refining (Rappold and Lackner, 2010). Elemental sulfur (S0) comprises much of 
the stockpile. Chemolithotrophic and mixotrophic bacteria can oxidize S0 to H2SO4 when 
H2O and O2 are available (Fliermans and Brock, 1972; Lawrence and Germida, 1988; 
Suzuki et al., 1999). This process can lead to soil and water acidification (Birkham et al., 
2010; McTee et al., in preparation). Unmanaged acidification can kill plants (Foy et al., 
1978; de la Fuente et al., 1997), leach soil nutrients (Robson, 1989; Bowman et al., 
2008), and alter ecosystem processes (Driscoll et al., 2001). 
Strict emission regulations, such as the United States Clean Air Act, limits sulfur 
emissions (Rappold and Lackner, 2010). Consequently, refining and gas processing 
plants must strip sulfur from sulfur rich feedstocks. Stripped sulfur can be transformed to 
S0 and sold to the fertilizer, H2SO4, and possibly the trap and skeet target industries 
(Rappold and Lackner, 2010; McTee et al., in preparation). Between 1992 and 2005, the 
global supply of S0 exceeded the demand and sulfur commodity prices plummeted to 
$20-60 t-1 from 1985 values of $140 t-1 (Birkham et al., 2010). Selling S0 became 
economically unfavorable in areas where the cost to export S0 was high, so S0 was stored 
in blocks (Birkham et al., 2010). During the slump in S0 commodity prices, Spencer and 
Skuese (1999) patented a trap and skeet target composed of approximately 53% CaCO3, 
41% S0, and 6% modifiers. These targets became available in 1999 and are now used 
internationally. Stockpiled S0 likely accounts for the largest volume of S0 introduced into 
the environment, but trap and skeet targets pose a pathway for S0 to enter the 
environment in a variety of locations. Recent studies demonstrate that S0 is an emerging 
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environmental concern (Birkham et al., 2010; Rappold and Lackner, 2010; McTee et al., 
in preparation). Birkham et al., (2010) observed effluent water from an S0 block that had 
a pH of 0.4, which could contaminate adjacent soil and water. Soil acidification to pH 
values below 3 has occurred where trap and skeet targets that contain S0 accumulate and 
oxidize (McTee et al., in preparation).  
The conditions and processes that control the oxidation of S0 have been well 
described by the fertilizer and agricultural industries because S0 is used to deliver SO42- to 
crops (Germida & Janzen, 1993; Eriksen, 1997; Gallejones et al., 2012). These studies do 
not consider the effects of excess deposition of S0 or subsequent management options.  
From a biogeochemical perspective, the management of S0 depends on whether 
the pools of materials (i.e. S0 or H2SO4) or the processes that control the transformation 
of S0 (i.e. oxidation or reduction) are managed. In oxic systems, managing the pool of S0 
relies on eliminating the conditions that favor S0 oxidation. The fastest oxidation rates 
have been observed at temperatures between 30–40 °C (Skiba & Wainwright, 1984; 
Solberg et al., 2005). Consequently, low temperatures should be maintained to minimize 
S0 oxidation, but the exothermic nature of the oxidation reaction may complicate efforts 
(Birkham et al., 2010). Oxygen serves as the electron acceptor for the oxidation of S0, 
thus limiting the availability of O2 would decrease the oxidation rate (Birkham et al., 
2010). However, if O2 availability gets too low, S0 can be used as an electron acceptor 
and reduce to sulfide (Biebl and Pfennig, 1977). Water availability also drives S0 
oxidation rates because H2O is a reactant in the oxidation process and influences O2 
availability (Nevell & Wainwright, 1987). Oxidation rates are highest between 40–90% 
of a soil’s field capacity (Nevell & Wainwright, 1987). Although S0 is hydrophobic, H2O 
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can adhere to the microbial biofilms that inhabit the S0 surfaces and microbes can use 
moisture from humid air (Birkham et al., 2010). The addition of an inorganic salt to S0 
surfaces inhibits the oxidation of S0 but precipitation washes away the treatment. 
(Crescenzi et al, 2006). Eliminating the environmental conditions that favor the oxidation 
of S0 in situ are understudied and would be laborious and costly. Rappold and Lackner, 
(2010) even suggested that reduced sulfur could be oxidized to H2SO4, neutralized, and 
disposed of into the ocean. 
An alternative to managing the pool of S0 and conditions that transform S0 is to 
neutralize the H2SO4 that is produced in situ. Acid-neutralizing materials added to 
affected soils and waters can eliminate acidic conditions (Robson, 1989; Rappold and 
Lackner, 2010). Calcium carbonate is often used to rapidly increase soil pH but 
acidification can leach nutrients from soils (Robson, 1989; Bowman et al., 2008), so 
restoration of acidic soils can require nutrients as well. Fertilizer boosts plant yields, 
which in turn could increase soil organic matter (Haynes and Naidu, 1988). If effective, 
fertilizers could provide an inexpensive and easily applied substance for remediation.  
The incorporation of organic amendments, such as compost, biochar, and chitin 
could further enhance restoration success. Organic amendments can be added to increase 
the soil’s cation exchange capacity (CEC) (Thompson et al., 1989) and water-holding 
capacity (Karhu et al., 2011), buffer pH (Garcia et al., 2007; Stuczynski et al., 2007), and 
reduce Al3+ toxicity in plants (Haynes & Mokolobate, 2001; Seco et al., 2014). Compost 
has been shown to increase plant growth in former shooting range soils partly by 
reducing the bioavailability of toxic metals (Siebelec and Chaney, 2012). Constituents of 
compost, such as humus and humic acid, provide exchange sites for molecules, which 
 25 
results in a high CEC that can provide soils with long-term buffering capacity (Thompson 
et al., 1989; García-Gil et al., 2004). Biochar amendments can facilitate vegetative 
restoration of contaminated soils because the material is highly porous and has high CEC 
that can absorb and retain molecules (Beesley et al., 2011). Chitin, the second most 
abundant polymer in the world after cellulose, could be a novel amendment material. As 
the molecule degrades with other constituents of the shell, CaCO3 and nitrogen release 
into the soil. The CaCO3 can neutralize acid, and the nitrogen could increase soil fertility. 
Chitin has been shown to immobilize contaminants and increase pH in acid mine water 
(Daubert et al., 2007; Robinson-Lora & Brennan, 2010).  
We conducted batch experiments to test the effectiveness of amending acidic soils 
that were contaminated with S0. Amendments included “CaCO3”, “CaCO3 + Fertilizer”, 
“CaCO3 + Compost”, “CaCO3 + Biochar”, “CaCO3 + Chitin”, and “CaCO3 + Biochar + 
Chitin”. We addressed two questions. First, how do amendments change soil chemistry 
initially and over time? Second, which amendment combinations facilitate the greatest 
plant growth?  
2. Materials and methods 
2.1. Soil collection 
Soil was obtained from a former sporting clay range (Bitterroot Sporting Clays) in 
the Bitterroot Valley, Montana (46° 41’N, 114° 02’W; elevation 970 m). For seven years, 
the range used trap and skeet targets that contained S0. McTee et al. (in preparation) 
provides a description of the site. Methods for the batch experiment were adapted from 
Siebielec & Chaney, (2012). We collected soils from five contaminated and five 
uncontaminated (termed “Reference” hereafter) sites, to a 15 cm depth. Soils from 
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“Reference” soils were taken adjacent to contaminated sites, but outside of the trap and 
skeet target fall zone. Contaminated and “Reference” soils were pooled separately to 
obtain a representative sample. Soils were sieved (< 2 mm).  
2.2. Chemical analysis 
Ward Laboratories (Kearney, NE) performed all chemical analyses besides S0 
analysis. pH was measured using a 1:1 soil:water solution (Watson and Brown, 1998). 
Exchangeable Al3+ was extracted from soil with a 1 N KCl solution and analyzed with an 
inductively coupled argon plasma spectrometer (ICAP) (Soil Analysis Handbook of 
Reference Methods, 1999). Iron and Mn2+ was extracted with DTPA and analyzed with 
an ICAP (Whitney, 1998). Nitrate and SO42- was extracted with Ca(H2PO4)2 and analyzed 
with a flow-injected analyzer (Gelderman and Beegle, 1998). Calcium and K+ were 
extracted with ammonium acetate and analyzed with an ICAP (Warnke and Brown, 
1998). Phosphorous was extracted with a Mehlich 3 extraction solution and analyzed by 
flow injection analysis (Frank and Beegle, 1998). Organic matter (OM) was measured by 
loss on ignition (Combs and Nathan, 1998). The concentration of S0 was determined 
using ion chromatography based on the methods described by McGuire and Hamers, 
(2000) (SGS Canada, Lakefield, ON). Initial soil properties are given in Table 1. 
2.3. Batch experiments 
Table 2 lists the treatments and the amount of amendment applied to each 
treatment. We obtained CaCO3 from homegardenproducts.com (Wake Forest, NC). 
Manure compost (Afterburner Boost) that had a N:P:K ratio of 1.6:0.6:1.0 was obtained 
from Huls Dairy (Corvallis, MT). Biochar was obtained from Biochar Now (Loveland, 
CO). Chitin was obtained from Alfa Aesar (Ward Hill, MA). A Hoagland fertilizer 
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solution (50 mL) was used at half strength bi-weekly (Machlis and Torrey, 1956) for the 
“CaCO3 + Fertilizer” and “CaCO3 + Biochar + Fertilizer” treatments.  
Soils (540 g) were mixed in plastic bags with their respective amendments. The 
amount of CaCO3 added (10.7 g) was determined from lime requirement data (McTee et 
al, in preparation). Organic amendments were applied at a 10% rate (1:9 amendment:soil) 
by volume – a rate that approximately equals successful rates found in other studies 
(Beesley et al., 2011; Siebielec & Chaney, 2012). Amended soils were poured into 10 cm 
square x 9 cm tall containers and watered. There were eight replicates per treatment.  
We paired the soil only experiment (SOE) with a planted experiment (PE) that 
sowed plants in containers that contained the previously described treatments. Soils were 
prepared as described previously, but soil was mixed with sand (2:1 soil:sand) to limit 
compaction due to handling. Amendments were added to 705 g of the 1:1 soil:sand 
mixture in each bag. We applied 14.1 g of CaCO3 to all treatments that received CaCO3. 
Organic amendments were added at the same rate as previously described. 
Containers were incubated at 25–35 °C in a greenhouse. Moisture was monitored 
between containers by visual inspection and bi-weekly measurements with moisture 
probe. Moisture was held as near constant as possible (Fig. S1) (Decagon Procheck, 
Pullman, WA). Air and soil temperature was measured every 80 minutes with iButton 
temperature buttons (Fig. S2) (Maxim Integrated, San Jose, CA). After one week, all 
container contents were poured into separate bags, mixed, and poured back to ensure 
homogeneity. We harvested a soil sample (70 g) from each container to analyze the soil 
chemistry following the methods described earlier for all analytes except S0 (Ward 
Laboratories, Kearney, NE). We sowed nine seeds of the heavy metal and acid tolerant 
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native restoration grass, Poa nevadensis (opportunity germplasm) (Graham and Scianna, 
2009) into the containers that held the 2:1 soil:sand mixture two weeks after the initiation 
of the experiment. Germinated grasses were thinned to four individuals per container 
after ten days.  
Soil was homogenized and harvested (70 g) for chemical analysis after ten weeks. 
Plant shoots and roots were harvested, cleaned, dried at 65 °C, and weighed. 
2.4. Statistical analysis 
We used a paired t-test to compare the means of soil chemical parameters 
between one and ten week time intervals. We used a Bonferroni correction to reduce the 
likelihood of Type I error. We investigated differences between treatments for each time 
interval with a one-way analysis of variance (ANOVA) with Tukey’s post hoc test. We 
used a Kruskal–Wallis ANOVA with multiple comparisons to determine if differences 
existed between treatments for total plant biomass and root:shoot ratio. We chose non-
parametric statistics because data were not normally distributed. Statistics were 
performed with SPSS (version 20). 
3. Results 
3.1. pH and SO42- 
pH in the “Control” soil averaged 2.8 compared to 6.3 in “Reference” soils after 
one week for the SOE (Fig. 1a). pH values in all soils that received a CaCO3 amendment 
increased to pH values of 6.3, which was equal the pH in “Reference” soils, except for 
the “CaCO3 + Compost” and “CaCO3 + Biochar + Fertilizer” treatments, which had soil 
pH values above “Reference” pH values. pH remained constant in the “Control” 
treatment, but decreased in all amended soils from one to ten weeks. pH in “CaCO3 + 
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Compost” and “CaCO3 + Chitin” amended soils decreased less over time than all of the 
other amended treatments. pH in “Reference” soils for the SOE and PE increased from 
one to ten weeks (t = -9.175, P < 0.001; t = -10.14, P < 0.001).  
The trends for pH observed in the PE were similar to the trends observed in the 
SOE at one week (Fig. 1b). pH in “Control” soil equaled 2.8 compared to 6.5 in the 
“Reference” soil after one week. The addition of CaCO3 alone raised soil pH to values 
observed in “Reference” soils. The combination of CaCO3 plus either a fertilizer or 
organic amendment increased soil pH to above “Reference” pH values. After 10 weeks, 
the pH increased in “Reference”, “Control”, and all treated soils. 
Initial SO42- concentrations were elevated in all soils compared to “Reference” 
soils for the SOE and PE (Fig. 2). Sulfate concentrations decreased over time by at least 
50% for all treatments and the “Control” for the SOE and PE (Fig. 2). Sulfate 
concentrations at ten weeks for “Control” remained higher than treated soils in the PE.  
3.2. Al3+, Fe, and Mn2+ 
Concentrations of exchangeable Al3+ were above 600 ppm for “Control” soils at 
one week for each experiment (Fig. S3). At ten weeks, concentrations of exchangeable 
Al3+ decreased to below 200 ppm. For the SOE, concentrations of exchangeable Al3+ 
increased over time in the following treatments: “CaCO3”, “CaCO3 + Fertilizer”, “CaCO3 
+ Biochar”, and “CaCO3 + Biochar + Fertilizer”.  
Iron concentrations showed similar trends to that of Al3+; Fe was elevated for 
“Control” soils relative to the amended and “Reference” soils for both experiments at 
both time intervals (Fig. S4). Over time for the SOE, the concentration of Fe decreased 
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for “Control” soils but increased in all treatments except “CaCO3 + Chitin”. The 
concentration of Fe decreased for all soils from one to ten weeks for the PE (Fig. S4).  
Concentrations of Mn2+ were similar for both experiments over time and between 
treatments (Fig. S5). Manganese concentrations were 2–3 times higher in “Control” soils 
than amended soils at one week and were higher in “Reference” soils than amended soils 
at one week. Concentrations of Mn2+ decreased over time in the SOE and PE (Fig. S5).  
3.3. Major Nutrients: NO3-, P, and K+  
“Control” and “CaCO3” treated soils had the lowest concentrations of NO3- and 
the “CaCO3 + Compost” treatment had the highest NO3- concentrations at one week for 
both experiments (Fig. S6). Concentrations of NO3- in the “CaCO3 + Chitin” treatment 
averaged 202 ppm and 327 ppm for the SOE and PE, respectively, which differed from 
all other soils at ten weeks for both experiments (Fig. S6).  
 At one week, the concentration of K+ was highest in the “CaCO3 + Compost” 
treatment for both experiments (Fig. S7). In the PE, K+ concentrations decreased from 
one to ten weeks for every soil (Fig. S7).  
Phosphorous concentrations were highest for “Control” and “CaCO3 + Compost” 
soils at one week for both experiments (Fig. S8). Concentrations of P were lowest in 
“Reference” soils compared to all other soils for both experiments at both time intervals 
(Fig. S8). The concentration of P decreased in “Control” soils from one to ten weeks. For 
the “CaCO3 + Chitin” in SOE and PE, concentrations of P declined from one to ten 
weeks (t = 3.90, P = 0.006; t = 5.15, P = 0.001, respectively).  
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3.4. Ca2+, Mg2+, and OM 
Calcium concentrations were roughly 6.5 times higher in “Control” soils and nine 
times higher in amended soils in both experiments relative to “Reference” soils (Fig. S9). 
Over time, Ca2+ concentrations decreased for both “Control” and “CaCO3 + Compost” 
soils in the PE.  
Magnesium concentrations were over twice as high in “Control” soils compared 
to all other soils for both experiments at one week (Fig. S10). Concentrations of Mg2+ 
decreased in all soils besides “Reference” soils for the SOE and PE, from one to ten 
weeks (Fig. S10). For both “Reference” soils, concentrations of Mg2+ increased for 
“Reference” soils in both experiments (Fig. S10). 
The addition of compost and chitin increased the soil’s OM content for both 
experiments compared to “Reference” soils (Fig. S11). Organic matter content decreased 
for all soils from one to ten weeks in both the SOE and PE (Fig. S11).  
3.5. Re-vegetation  
 Poa nevadensis (opportunity germplasm) germinated in the “Control” treatment, 
died within a week, and the total biomass produced was below the detection limit of the 
scale. “CaCO3”, “CaCO3 + Fertilizer”, and “CaCO3 + Biochar + Fertilizer” treatments 
created conditions in which plants produced 41%, 51%, and 31% more total biomass than 
plants grown in “Reference” soils, respectively (Fig. 3; Table S1). Total biomass yield 
was the lowest in the “CaCO3 + Chitin” treatment among the amended soils. The grass 
grown in the “CaCO3 + Chitin” treatment had the lowest root:shoot ratios of all the 
treatments. The “CaCO3 + Compost” and “CaCO3 + Biochar” had the highest root:shoot 
ratios. 
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4. Discussion 
4.1. pH, trace metals, and plants 
The decrease in pH in the amended containers of the SOE likely resulted from the 
oxidation of S0 to H2SO4 because contaminated soils contained 5033 ppm, or 157 mmols, 
of S0 per kg of soil. One mol of CaCO3 is required to neutralize 1 mol of H2SO4. For the 
amount of soil per container in the SOE, 8.5 g of CaCO3 would be required to neutralize 
all of the acid that could be produced from the oxidation of S0. We added 10.7 g of 
CaCO3, which was sufficient to raise soil pH, but not neutralize newly released H2SO4. 
From a management perspective, the amount of total CaCO3 that will need to be applied 
to S0 contaminated soils will equal the amount of CaCO3 to raise soil pH to a desired 
value plus the amount of CaCO3 that will be required to neutralize all of the acid that will 
be produced from the oxidation of S0. If the concentrations of S0 are high, the total 
amount of CaCO3 should be added over time in order to prevent over-liming, which may 
increase soil pH to values harmful to the soil ecosystem processes. 
A pH decrease over time did not occur in the PE, possibly due to three factors. 
First, the soil was diluted with 33% sand, so there was less S0 in the PE that could 
produce acid relative to the SOE. Second, the PE received 32% more CaCO3 than the 
SOE because CaCO3 was added at a rate that depended on the weight of the soil and the 
PE soils weighed more than the SOE. Third, the PE received more irrigation than the 
SOE due to the added water requirements of the plants. The pH of the water used to 
irrigate the containers was 7.7, which likely buffered some acid that was produced from 
the oxidation of S0 and raised the pH of the uncontaminated treatments and all soils in the 
PE. Soil pH did not change over time for the “Control” treatment in the SOE. At such a 
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low pH, the amount of acid produced could have been insignificant compared to the acid 
present, so a pH decrease did not occur.  
Low pH led to high Al3+, Mn2+, and Fe concentrations and no measurable plant 
biomass for the “Control” treatment in both experiments. The addition of CaCO3 
increased soil pH, decreased the solubility of toxic metal cations, and allowed plant 
growth. In addition to raising soil pH, Ca2+ from CaCO3 can replace Al3+ on the soil’s 
exchange sites and Al(OH)3 can form (McBride, 1994). The increase of Al3+ and Fe 
concentrations in some of the amended soils in the SOE may be a result of the decrease in 
pH. Unlike Al3+ and Fe concentrations, Mn2+ concentrations decreased over time, which 
could be a consequence of leaching (Bergkvist, 1987). The addition of compost and 
biochar to soils amended with CaCO3 decreased total plant biomass yield relative to 
CaCO3 alone. These results contrast with a study that found increased biomass yield in 
heavy metal contaminated soils amended with both CaCO3 and compost than CaCO3 
alone (Siebielec and Chaney 2012). In the “CaCO3”, “CaCO3 + Fertilizer”, and “CaCO3 
+ Biochar + Fertilizer” treatments, the total plant biomass exceeded the total plant 
biomass produced in “Reference” soils. 
4.2. Leaching losses and nutrient dynamics 
In soils amended with CaCO3, the Ca2+ will be liberated from carbonate and can 
then react with SO42- that dissociated from H2SO4, to create CaSO42H2O, or gypsum. 
Gypsum is commonly added to agricultural soils to increase soil permeability (Yu et al., 
2003) and reduce the activity of Al3+ (Sumner et al., 1986), so the formation of gypsum in 
contaminated soils may dampen an adverse effect caused by excess acid.  
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Soil surfaces are negatively charged and repel anions, so anions tend to leach 
through the soil (Britto and Kronzucker, 2002). Consequently, in areas where S0 has been 
oxidized to H2SO4, SO42- that is not assimilated, bound in gypsum, or adsorbed to soil, 
may leach through the soil and into waterways. In all experimental soils, SO42- 
concentrations decreased from one to ten weeks, which demonstrates that SO42- leached 
from the soils. Sulfate loading of aquatic systems can have detrimental ecological effects. 
In Napa Valley, California where S0 is added as a fungicide, all sulfur inputs are output 
by the export of biomass, volatilization, or leaching (Hinckley and Matson, 2011). The 
addition of SO42- to wetland soils can lead to a cascade of biogeochemical changes 
(Lamers et al., 1998). In anoxic soils, microbes use SO42- as a terminal electron acceptor, 
which reduces to sulfide, which then binds to Fe in FePO4, thus releasing and increasing 
the availability of PO43-. This process can increase the production of H2S, a phytotoxic 
molecule (Lamers et al., 1998). Sulfate leaching from excess S0 deposition may pose 
substantial ecological risks.  
In the SOE at 10 weeks, concentrations of NO3- increased in all soils except 
“Control” and “CaCO3 + Biochar”. The decomposition of OM, mineralization of NH4+ 
and subsequent nitrification may explain the increase of NO3- concentrations over time. 
In both experiments, NO3- concentrations for the “CaCO3 + Chitin” treatment increased 
to over 200 ppm, which indicates the decomposition of chitin. Chitin has been shown to 
decompose soon after being added to soils and the nitrogen in chitin can be quickly 
mineralized (Russell 2014). We did not measure NH4+ concentrations, but elevated NO3- 
concentrations in “CaCO3 + Chitin” treatments relative to the “CaCO3” treatment indicate 
that at NH4+ was being nitrified. The addition of chitin to CaCO3 amended soils hindered 
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plant growth. A possible explanation for this could be that NH4+ concentrations built up 
to levels that were toxic to the test plant (Britto and Kronzucker, 2002). Nitrate is similar 
to SO42- in that it is an anion that can readily leach (Di and Cameron, 2002). Excessive 
NO3- leaching can lead to water quality issues (Britto and Kronzucker, 2002). These 
findings demonstrate that the addition of chitin at high rates to contaminated soils may be 
detrimental to restoration success. 
Calcium and Mg2+ can leach from soils at increasing rates as pH decreases (Zhang 
et al., 2007). Over time, we observed a decrease in Mg2+ concentrations but not Ca2+ 
concentrations. Phosphorous concentrations were higher in contaminated soils than in 
“Reference” soils. Phosphorous concentrations have been shown to be elevated in soils 
that were acidified from the oxidation of S0 (Jaggi et al., 2005). It is common for P 
concentrations to increase with increasing pH, but for some highly weathered acid soils, 
P concentrations can decrease with increasing pH because P can adsorb to soil (Haynes, 
1982). The increase in P in the “CaCO3 + Compost” treatment occurred due to the high P 
concentration in the compost.  
 Potassium is a mobile ion in soils and tends to leach fastest in sandy soils (Alfaro 
et al., 2004), which composed at least one third of the soil volume in the PE. This 
explains why K+ concentrations decreased in all soils over time in the PE. The spike in K+ 
concentrations in the “CaCO3 + Compost” treatments may be explained by the high K+ 
content of the compost.  
5. Conclusions 
In the short term, neutralization of H2SO4 with CaCO3 remediated acidic soils 
contaminated with S0 in terms of reducing concentrations of soluble metals and enabling 
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plant establishment. Over time, amended soils acidified. The addition of organic and 
fertilizer amendments increased soil fertility but may provide too little benefit to be worth 
the cost. These results show that acidic soils contaminated with S0 can be treated 
similarly to other acid soils, but potential acidity must either be managed or accounted for 
in the long term. Field experiments that assess the long-term effects of soil amendments 
and management of S0 will lead to a better understanding of the effectiveness of 
amending soils contaminated with S0. 
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Table 1. Initial soil properties for contaminated and “Reference” soils for the SOE and 
PE (mean ± s.e.). Units for chemical constituents are in ppm. Organic matter is a percent 
mass of the total mass. b.d. represents analytes that were below the detection of the 
instrument. *These values were calculated as 66.7% of the measured S0 values in the 
SOE based on the dilution ratio. n=3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Soil only Planted 
Contaminated Reference Contaminated Reference 
pH 3.3 ± 0.1 6.3 ± 0.1 2.9 ± 0.1 6.5 ± 0.3 
S0 5033.3 ± 288.7 b.d. 3355.5 ± 192.5* b.d.* 
SO42- 1550.3 ± 84.9 46.7 ± 16.7 1445 ± 74.7 38.7 ± 15.3 
Al3+ 325.3 ± 6.8 1.3 ± 0.7 228.7 ± 13.6 1.0 ± 0.7 
Fe 283.9 ± 5.6 44.7 ± 8.3 218.0 ± 4.5 64.7 ± 60.7 
Mn2+ 23.9 ± 0.9 8.0 ± 0.5 18.9 ± 0.6 5.8 ± 1.4 
NO3- 4.5 ± 0.1 7.5 ± 1.7 1.3 ± 0.2 6.9 ± <0.1 
P 87.3 ± 1.5 50.7 ± 3.8 50.0 ± 1.7 29 ± 1.0 
K+ 147.7 ± 5.5 265.3 ± 4.7 82.3 ± 5.5 151.7 ± 2.5 
Ca2+ 9721.7 ± 241.3 1506.3 ± 21.7 5067.0 ± 620.8 1094.0 ± 45.2 
Mg2+ 326.7 ± 9.6 168.3 ± 2.1 253.3 ± 12.3 123 ± 3.5 
OM 4.3 ± 0.4 4.3 ± 0.1 2.8 ± 0.3 2.3 ± 0.2 
Table. Initial soil properties for each soil type. 
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Table 2. Treatments with their amendment application rates for the soil experiment. 
Treatment application rates were the same for the plant experiment except that the CaCO3 
was applied at 14.1 g pot-1. The amount of fertilizer constitutes the total amount applied 
over the duration of the experiments. n=8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 43 
 
Fig. 1. The response of pH to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001 for a paired t-test across time. Error bars represent 
standard error. 
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Fig. 2. The response of SO42- to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Fig. 3. Total plant biomass of Poa nevadensis (opportunity germplasm) after ten weeks 
for each treatment. Different letters above the bars indicate statistical groupings (P < 
0.05) between treatments as determined with a Tukey’s post hoc test. Error bars represent 
standard error. 
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Appendix A. Target chemical analysis data 
 
Table 1. Chemical data for the tested trap and skeet target. Concentrations are given as a 
percent of the total weight. 
 
Sample Ca2+ S0 SO42- S2- 
1 21.7 40.5 0.2 <0.05 
2 21.4 41.7 0.3 <0.05 
3 21.0 41.4 0.3 <0.05 
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Appendix A. XRD methods and results. 
 
Sample Preparations: 
Samples were initially ground using a ball mill in a zirconia vial and grinding balls. The 
samples were further ground by hand using an agate mortar and pestle. The samples were 
back-mounted on round, 19mm sample holders. 
Measurement Conditions: 
Both samples were analyzed with an X’Pert PRO X-ray diffractometer with a copper X-
ray tube (40 mA, 45kV). Three scans (see parameters below) were summed prior to data 
analysis and interpretation. 
 
 
 
 
Data Analysis: 
All samples were analyzed using X’Pert HighScore Plus. 
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Appendix A. XRD methods and results (continued). 
Biodegradable target 
Summary: Sample contains sulfur and calcite. 
 
Figure 1. X-ray diffraction spectra of the tested trap and skeet targets. 
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Appendix A. XRD methods and results (continued). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. X-ray diffraction spectra of the tested trap and skeet targets (continued). 
 
29.4465 499.00 0.4015 3.03338 100.00 
31.4153 24.63 0.4015 2.84763 4.94 
34.1648 12.07 0.4015 2.62450 2.42 
36.0125 22.32 0.5353 2.49397 4.47 
37.1335 12.87 0.4015 2.42121 2.58 
39.4172 40.45 0.4015 2.28604 8.11 
43.2385 37.11 0.4015 2.09245 7.44 
47.5038 35.77 0.4015 1.91405 7.17 
48.5993 31.67 0.4015 1.87344 6.35 
51.2407 5.80 0.4015 1.78290 1.16 
52.1712 3.58 0.4015 1.75327 0.72 
53.0960 7.92 0.4015 1.72489 1.59 
57.3873 7.87 0.8029 1.60570 1.58 
61.0204 8.05 0.5353 1.51851 1.61 
63.1111 3.06 0.8029 1.47315 0.61 
64.7424 10.56 0.4015 1.43992 2.12 
65.7038 10.70 0.4896 1.41999 2.15 
 
Pattern List:  
Visible Ref. Code Score Compound 
Name 
Displacement 
[°2Th.] 
Scale Factor Chemical 
Formula 
* 00-024-0733 49 Sulfur, syn 0.000 0.167 S 
* 01-072-1214 41 Calcite, syn 0.000 0.495 CaCO3 
 
 
 
29.4465 499.00 0.4015 3.03338 100.00 
31.4153 24.63 0.4015 2.84763 4.94 
34.1648 12.07 0.4015 2.62450 2.42 
36.0 25 22.32 0.5353 2.49397 4.47 
37.1335 12.87 0.4015 2.42121 2.58 
39.4172 40.45 0.4015 2.28604 8.11 
43.2385 37.11 0.4015 2.09245 7.44 
47.5038 35.77 0.4015 1.91405 7.17 
48.5993 31.67 0.4015 1.87344 6.35 
51.2407 5.80 0.4015 1.78290 1.16 
52.1712 3.58 0.4015 1.75327 0.72 
53.0960 7.92 0.4015 1.72489 1.59 
57.3873 7.87 0.8029 1.60570 1.58 
61.0204 8.05 0.5353 1.51851 1.61 
63.1111 3.06 0.8029 1.47315 0.61 
64.7424 10.56 0.4015 1.43992 2.12 
65.7038 10.70 0.4896 1.41999 2.15 
 
Pattern List:  
Visible Ref. Code Score Compound 
Name 
Displacement 
[°2Th.] 
Scale Factor Chemical 
Formula 
* 00-024-0733 49 Sulfur, syn 0.000 0.167 S 
* 01-072-1214 41 Calcite, syn 0.000 0.495 CaCO3 
 
 
 
White Clay Target 
Summary: Sample contains sulfur and calcite. 
 
Peak List:  
Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] 
11.5575 9.00 0.5353 7.65677 1.80 
15.3979 20.04 0.4015 5.75465 4.02 
18.3251 59.16 0.4015 4.84147 11.86 
21.8816 31.12 0.1310 4.06196 6.24 
22.6780 41.36 0.0010 3.92108 8.29 
23.0509 136.24 0.4015 3.85848 27.30 
24.9402 6.69 0.4015 3.57032 1.34 
25.8121 93.61 0.1029 3.45165 18.76 
26.6633 28.06 0.4015 3.34337 5.62 
27.7221 91.69 0.1466 3.21803 18.38 
28.6909 51.07 0.0626 3.11153 10.23 
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Appendix A. Sampling data. 
 
Table 2. Chemical data for samples taken from the former Bitterroot Sporting Clays 
Range Florence, MT.  
 
Sample Location 
EC 
(mS) pH 
H2O 
Sat.(%) 
Target 
Cover (%) 
Plant 
Cover (%) 
SO4-S 
(ppm) 
Lime Req. 
(t/1000t) 
1 Hill 3.8 3.46 
 
18 0 
  2 Hill 3.2 3.62 20.6 24 0 782.7 
 3 Hill 8.9 2.73 21.5 15 0 1782 18.3 
4 Hill 3.5 3.4 27.5 11 6 
 
10.4 
5 Hill 2.6 5 25.3 8 30 
 
1.7 
6 Hill 0.0 6.25 21.6 1 80 
  7 Hill 0.0 6.39 22.4 0 95 
 
0 
8 Hill 0.6 6.16 30.7 0 25 79.4 
 9 Hill 1.9 6.07 29.9 0 96 
  10 Hill 2.9 3.91 28.7 5 5 
  11 Hill 4.3 3.44 21.7 16 0 
  12 Hill 2.8 3.62 23.2 12 10 663.4 16.8 
13 Hill 3.2 3.57 31.0 8 15 
  14 Hill 7.1 3.11 32.8 70 0 1577.9 
 15 Hill 0.4 6.42 38.9 0 95 
  16 Hill 1.9 6.21 27.7 2 97 91.2 
 17 Hill 2.9 3.46 30.9 7 51 
  18 Hill 3.4 3.25 28.5 41 0 1056.2 
 19 Hill 0.0 6.34 24.6 0 96 
  20 Hill 0.6 5.82 
 
13 15 
  21 Hill 6.5 2.74 34.3 28 4 1467.6 
 22 Hill 1.1 6.1 31.0 0 86 
  23 Hill 0.7 6.41 24.6 1 20 465.7 
 24 Hill 4.1 3.43 38.2 28 18 971.1 
 25 Hill 2.1 5.11 
 
25 23 
  26 Hill 0.9 5.67 30.4 1 17 
  27 Hill 3.2 3.73 29.3 17 0 
  28 Floodplain 0.0 6.16 50.1 37 12 
  29 Floodplain 0.5 6.85 51.9 1 16 18.85 
 30 Floodplain 2.7 4.24 52.4 5 45 623 8.2 
31 Floodplain 0.6 6.78 52.2 10 23 
 
0 
32 Floodplain 0.5 7.27 55.7 1 55 88.4 
 33 Floodplain 3.0 6.66 53.2 0 67 39.9 
 34 Floodplain 2.1 5.1 60.9 0 41 400.9 
 35 Floodplain 4.0 3.87 
 
2 42 
  36 Floodplain 4.1 3.2 43.4 10 60 1314.8 13.2 
37 Floodplain 12.9 2.6 56.8 15 5 6894.7 23.3 
38 Floodplain 4.4 4.65 83.3 5 44 1092.1 
 49 Floodplain 13.6 2.42 
 
25 0 5409.9 24 
40 Floodplain 6.5 3 
 
15 41 
  41 Floodplain 3.1 3.72 60.6 3 50 
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Appendix B. Chapter 2 supplementary figures. 
 
 
Fig. S1. Average soil moisture in the a) SOE and the b) POE. Error bars represent 
standard error.  
 
 
 
 
 
 
 
 
 
 
a) 
b) 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
Fig. S2. Temperature profiles of a-b) soil and c) air in the experiment. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
 
Fig. S3. The response of Al3+ to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
 
Fig. S4. The response of Fe to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
Fig. S5. The response of Mn2+ to the addition of soil amendments one week and 10 
weeks after the initiation of the batch experiments for the a) SOE and b) PE. Different 
letters above the bars indicate statistical groupings (P < 0.05) between treatments as 
determined with a Tukey’s post hoc test among the same time interval. * represents P ≤ 
0.05, ** represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
Fig. S6. The response of NO3- to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
Fig. S7. The response of K+ to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
Fig. S8. The response of P to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE. Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
Fig. S9. The response of Ca2+ to the addition of soil amendments one week and 10 weeks 
after the initiation of the batch experiments for the a) SOE and b) PE Different letters 
above the bars indicate statistical groupings (P < 0.05) between treatments as determined 
with a Tukey’s post hoc test among the same time interval. * represents P ≤ 0.05, ** 
represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
Fig. S10. The response of Mg2+ to the addition of soil amendments one week and 10 
weeks after the initiation of the batch experiments for the a) SOE and b) PE. Different 
letters above the bars indicate statistical groupings (P < 0.05) between treatments as 
determined with a Tukey’s post hoc test among the same time interval. * represents P ≤ 
0.05, ** represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary figures (continued). 
 
 
 
Fig. S11. The response of OM to the addition of soil amendments one week and 10 
weeks after the initiation of the batch experiments for the a) SOE and b) PE. Different 
letters above the bars indicate statistical groupings (P < 0.05) between treatments as 
determined with a Tukey’s post hoc test among the same time interval. * represents P ≤ 
0.05, ** represents P ≤ 0.01; and P ≤ 0.001. Error bars represent standard error. 
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Appendix B. Chapter 2 supplementary table. 
 
Table S1. Mean and standard deviation of total biomass and root:shoot ratio for Poa 
nevadensis (opportunity germplasm) from the PE. Different letters next to the standard 
deviation represent statistical differences between treatments as tested with a Kruskal–
Wallis ANOVA (α = 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Treatment Total Biomass (g) root:shoot 
Uncontaminated 0.94 ± 0.22b 0.85 ± 0.32bc 
Control b.d. b.d. 
CaCO3 1.33 ± 0.19cd 0.94 ± 0.24bc 
CaCO3+Fertilzer 1.42 ± 0.17d 0.67 ± 0.07ab 
CaCO3+Compost 1.10 ± 0.10bc 1.02 ± 0.22c 
CaCO3+Biochar 0.98 ± 0.19b 0.99 ± 0.19c 
CaCO3+Chitin 0.05 ± 0.11a 0.30 ± 0.30a 
CaCO3+Biochar+Fertilizer 1.23 ± 0.11cd 0.87 ± 0.12bc 
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Appendix B. Initial soil chemistry. 
 
Table 1. Initial soil properties of the contaminated and “Reference” soils used for the 
experiments. 
Sample  Soil Replicate pH 
WDRF  
pH 
OM 
LOI % 
NO3- 
ppm  
K 
ppm 
SO42- 
ppm 
Zn 
ppm 
Fe 
ppm 
1 Cont. 1 3.3 5.6 3.9 4.6 144 1618 2.16 290.3 
2 Cont. 2 3.3 5.8 4.4 4.4 154 1455 1.85 281.5 
3 Cont. 3 3.2 5.8 4.6 4.5 145 1578 1.91 280 
4 Ref. 1 6.2 6.9 4.2 8.6 260 66 3.43 54.2 
5 Ref. 2 6.3 6.9 4.3 8.4 267 37 3.8 41 
6 Ref. 3 6.3 6.9 4.3 5.5 269 37 3.68 38.9 
7 Cont. + Sand 1 2.9 5.7 3 1.4 76 1475 1.42 216.1 
8 Cont. + Sand 2 3 5.8 2.8 1.4 86 1500 1.37 223.1 
9 Cont. + Sand 3 2.8 5.7 2.5 1.1 85 1360 1.25 214.8 
10 Ref. + Sand 1 6.8 7.2 2.3 6.9 152 56 2.11 30.8 
11 Ref. + Sand 2 6.2 7 2.4 6.9 154 33 2.65 134.8 
12 Ref. + Sand 3 6.4 7 2.1 6.9 149 27 2.12 28.6 
 
 
 
 
Table 1. (continued). 
Sample Soil Replicate 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
 P 
ppm  
1 Cont. 1 24.9 0.82 9572 325 49 65.2 328 89 
2 Cont. 2 23.2 0.72 10000 337 47 65.2 330.3 87 
3 Cont. 3 23.6 0.71 9593 318 44 62.9 317.6 86 
4 Ref. 1 8.5 0.63 1526 166 20 10.7 2.1 55 
5 Ref. 2 8 0.68 1510 169 21 10.4 1 48 
6 Ref. 3 7.5 0.6 1483 170 20 10.4 0.7 49 
7 Cont. + Sand 1 18.2 0.64 4354 243 23 36.7 231.8 51 
8 Cont. + Sand 2 19.3 0.64 5488 267 27 41.7 240.4 51 
9 Cont. + Sand 3 19.1 0.65 5359 250 24 42.4 213.8 48 
10 Ref. + Sand 1 5.3 0.44 1145 127 16 7.2 1.8 28 
11 Ref. + Sand 2 7.4 0.54 1078 122 16 7 0.5 29 
12 Ref. + Sand 3 4.7 0.44 1059 120 15 6.9 0.7 30 
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Appendix B. Batch experiment data.  
 
Table 3. Batch experiment data.  
 
 
 
 
Group Treat Rep Week pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Plant Ref 1 1 6.7 7.2 2.9 7.5 176 4850 3.05 83 
Plant Ref 2 1 6.7 7.2 2.3 7 184 1065 3.02 71.3 
Plant Ref 3 1 6.4 7 2.7 7.8 174 1170 3.05 61 
Plant Ref 4 1 6.4 7 2.4 6.7 184 1095 3.12 65.7 
Plant Ref 5 1 6.5 7 2.2 6.8 158 56 3.36 63.4 
Plant Ref 6 1 6.7 7.2 1.9 8.1 170 185 3.35 58.6 
Plant Ref 7 1 6.5 7 1.9 10.8 175 410 3.17 63.8 
Plant Ref 8 1 6 6.9 2.8 10.8 188 243 3.09 60.5 
Plant Cont 1 1 2.6 5.5 2.2 1.6 149 5300 4.68 922.1 
Plant Cont 2 1 2.8 5.5 2.3 1.7 134 6550 4.19 870.2 
Plant Cont 3 1 2.8 5.7 2.1 1.7 97 4950 3.51 701.4 
Plant Cont 4 1 2.9 5.5 2.7 2.1 138 6500 4.4 898.3 
Plant Cont 5 1 2.7 5.3 1.9 1.8 165 8425 5.53 1054 
Plant Cont 6 1 2.8 5.4 2.4 2 128 6725 4.97 1006 
Plant Cont 7 1 2.7 5.1 2.3 1.9 154 7625 5.63 1184 
Plant Cont 8 1 2.8 5.4 2.3 1.6 132 7400 4.23 867.3 
Plant Lime 1 1 6.5 7 2.2 3.3 99 3850 1.14 152.7 
Plant Lime 2 1 6.6 7.2 2.3 3.2 105 3975 1.2 153.7 
Plant Lime 3 1 6.6 7.2 2.3 3 102 3775 1.6 168.8 
Plant Lime 4 1 6.6 7.2 2.3 3.1 102 3400 1.28 159.2 
Plant Lime 5 1 6.6 7.2 2.3 3.2 105 3400 1.09 145.1 
Plant Lime 6 1 6.7 7.2 2.1 2.7 101 3700 1.22 151.7 
Plant Lime 7 1 6.7 7.2 2.1 2.8 105 3100 1.38 150.9 
Plant Lime 8 1 6.7 7.2 1.7 4.1 97 3275 1.2 148.6 
Plant L+Bio 1 1 6.9 7.2 3 13.6 98 2575 1.02 124.9 
Plant L+Bio 2 1 6.9 7.2 2 9.5 114 2675 1.22 139 
Plant L+Bio 3 1 6.8 7.2 2.1 8.6 131 2975 1.3 146.9 
Plant L+Bio 4 1 6.9 7.2 2.4 12.1 116 2413 1.3 142.8 
Plant L+Bio 5 1 6.9 7.2 2.3 11.1 121 2575 1.27 136.2 
Plant L+Bio 6 1 6.9 7.2 2.4 11.2 115 2275 1.23 131.8 
Plant L+Bio 7 1 6.8 7.2 2.7 9.9 135 2438 1.28 138 
Plant L+Bio 8 1 6.9 7.2 2.3 10.4 141 2625 1.21 129.4 
Plant L+Bio+Fert 1 1 6.9 7.2 2.2 7.7 123 2193 1.29 126.9 
Plant L+Bio+Fert 2 1 6.9 7.2 2.3 10.3 129 2008 1.34 129.3 
Plant L+Bio+Fert 3 1 6.9 7.2 2.7 14.5 119 992 1.29 118.4 
Plant L+Bio+Fert 4 1 6.7 7.2 2.5 12.1 122 1340 1.27 134.1 
Plant L+Bio+Fert 5 1 6.8 7.2 2.3 14 137 1380 1.19 132.6 
!
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Appendix B. Batch experiment data (continued).  
 
 
 
 
 
 
Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Plant Ref 1 1 31.4 1.14 1712 149 22 10.3 0.8 42 
Plant Ref 2 1 27.7 1.11 1356 149 21 8.6 1.2 39 
Plant Ref 3 1 24.1 0.92 1314 146 21 8.5 1 41 
Plant Ref 4 1 24.1 1.17 1328 152 21 8.5 0.7 37 
Plant Ref 5 1 23.7 0.97 1141 130 18 7.7 0.2 37 
Plant Ref 6 1 22 0.87 1273 140 21 8.1 0.2 34 
Plant Ref 7 1 24.3 0.96 1329 148 26 8.6 0.2 37 
Plant Ref 8 1 25.8 0.97 1405 155 27 9.5 0.2 38 
Plant Cont 1 1 52.4 1.45 9279 602 48 67.2 752.9 120 
Plant Cont 2 1 49.8 1.59 8265 519 44 61.2 700.5 129 
Plant Cont 3 1 41 1.25 5756 401 34 45.9 521 108 
Plant Cont 4 1 52.7 1.6 8836 555 47 64.5 638.9 127 
Plant Cont 5 1 65.9 1.66 9162 797 62 70.6 923.2 135 
Plant Cont 6 1 57.4 1.75 7258 524 43 56.8 729.5 131 
Plant Cont 7 1 58.9 1.76 8228 599 47 66.1 820 126 
Plant Cont 8 1 49.2 1.45 7656 531 44 58.8 705.1 121 
Plant Lime 1 1 20.9 0.86 11700 278 37 61.6 3.4 65 
Plant Lime 2 1 22.3 1.02 13270 299 37 69.3 0.9 62 
Plant Lime 3 1 24.9 2.09 12350 285 36 64.5 0.6 70 
Plant Lime 4 1 21.9 0.92 11920 284 37 62.4 0.4 67 
Plant Lime 5 1 20.1 0.81 12970 291 39 67.7 0.3 69 
Plant Lime 6 1 20.9 0.81 12480 270 35 65.1 0.2 63 
Plant Lime 7 1 21 0.82 13700 284 40 71.3 0.4 64 
Plant Lime 8 1 21.5 0.8 12310 278 36 64.3 0.2 64 
Plant L+Bio 1 1 16.7 0.7 7610 200 23 40.1 0.5 50 
Plant L+Bio 2 1 18.1 0.74 9133 240 28 48.1 0.3 61 
Plant L+Bio 3 1 20.6 0.84 11450 259 30 59.9 0.3 66 
Plant L+Bio 4 1 19 0.83 10320 251 29 54.1 0.2 49 
Plant L+Bio 5 1 18 0.78 9493 248 28 50 0.2 63 
Plant L+Bio 6 1 17.3 0.75 10240 245 27 53.7 0.2 50 
Plant L+Bio 7 1 18.5 0.77 12120 273 32 63.4 b.d. 64 
Plant L+Bio 8 1 17.4 0.69 12690 275 33 66.2 0.1 61 
Plant L+Bio+Fert 1 1 16.4 0.73 10310 223 26 53.8 0.2 61 
Plant L+Bio+Fert 2 1 17.7 0.71 10750 259 31 56.4 0.1 60 
Plant L+Bio+Fert 3 1 17.3 0.8 9872 239 27 51.8 0.1 52 
Plant L+Bio+Fert 4 1 17.9 0.87 9179 238 27 48.3 0.1 68 
Plant L+Bio+Fert 5 1 20.8 0.75 11490 264 29 60.1 0.2 59 
!
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Appendix B. Batch experiment data (continued).  
 
 
 
 
 
Group Treat Rep Week  pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Plant L+Bio+Fert 6 1 6.9 7.2 2.2 16.1 146 1120 1.09 111.3 
Plant L+Bio+Fert 7 1 6.9 7.2 2.2 8.7 109 1140 1.23 132.1 
Plant L+Bio+Fert 8 1 6.9 7.2 1.9 10.9 119 1160 1.17 130.6 
Plant L+Chit 1 1 6.8 7.2 3.9 5.7 89 2333 1.14 132.4 
Plant L+Chit 2 1 6.9 7.2 4.1 6.1 83 2068 1.2 128.9 
Plant L+Chit 3 1 6.9 7.2 4.3 4.8 79 2123 0.96 114.6 
Plant L+Chit 4 1 7 7.2 3.7 4.5 81 1943 0.89 107 
Plant L+Chit 5 1 7 7.2 4.1 5.5 77 1925 1.05 120.2 
Plant L+Chit 6 1 6.9 7.2 3.9 5.3 78 2008 1 126.3 
Plant L+Chit 7 1 6.9 7.2 3.6 5.3 97 2305 1.1 119.9 
Plant L+Chit 8 1 6.9 7.2 4 5.8 83 2625 1.03 116.1 
Plant L+Comp 1 1 6.9 7.2 2.8 44.5 537 2600 2.1 135.2 
Plant L+Comp 2 1 6.9 7.2 3.4 50.8 615 2325 2.65 126.9 
Plant L+Comp 3 1 6.9 7.2 2.5 58.8 558 2233 2.35 139.3 
Plant L+Comp 4 1 6.8 7.2 3.1 29.3 510 2455 2.99 158 
Plant L+Comp 5 1 6.9 7.2 2.3 43.8 495 2270 2.52 134.9 
Plant L+Comp 6 1 6.9 7.2 3.8 40 558 2260 3.96 124.1 
Plant L+Comp 7 1 6.9 7.2 3.3 50 593 2308 2.59 131.2 
Plant L+Comp 8 1 7 7.2 3.5 40.8 504 2098 2.23 129.3 
Plant L+Fert 1 1 6.7 7.2 2.4 6.5 110 3750 1.18 158.9 
Plant L+Fert 2 1 6.7 7.2 2.3 6.5 108 3150 1.26 153.2 
Plant L+Fert 3 1 6.7 7.2 2.2 5.2 96 3575 0.95 142.5 
Plant L+Fert 4 1 6.8 7.2 2.2 4.8 99 4050 0.95 134.2 
Plant L+Fert 5 1 6.7 7.2 1.7 4 98 3850 0.92 134.2 
Plant L+Fert 6 1 6.8 7.2 2.7 6.7 101 3450 1.04 152.5 
Plant L+Fert 7 1 6.7 7.2 2.9 7.5 106 3750 1.11 149 
Plant L+Fert 8 1 6.8 7.2 2.2 5 110 3525 1.12 151.1 
Plant Ref 1 10 7.4 7.2 1.8 6.4 123 25 2.68 31.9 
Plant Ref 2 10 7.4 7.2 1.9 3.8 145 30 2.48 30.4 
Plant Ref 3 10 7.6 7.2 1.9 4.5 124 43 3.36 33.4 
Plant Ref 4 10 7.5 7.2 1.8 7.9 110 42 2.92 31.1 
Plant Ref 5 10 7.6 7.2 1.9 3.8 126 33 2.96 30.2 
Plant Ref 6 10 7.6 7.2 1.9 5.8 127 49 2.87 30.5 
Plant Ref 7 10 7.6 7.2 1.7 6.7 130 41 3.14 32.8 
Plant Ref 8 10 7.6 7.2 2 6 114 48 3.29 29.9 
Plant Cont 1 10 3.3 6.8 1.4 0.8 61 1438 0.97 356.8 
Plant Cont 2 10 3.5 6.7 1.9 1.2 56 1362 0.79 398.7 
Plant Cont 3 10 3.5 6.8 1.8 1.2 56 1407 0.85 417.7 
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Appendix B. Batch experiment data (continued).  
 
 
 
  
Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Plant L+Bio+Fert 6 1 19.1 0.75 12160 273 32 63.6 0.2 69 
Plant L+Bio+Fert 7 1 22.8 0.77 7969 219 25 42.1 0.2 64 
Plant L+Bio+Fert 8 1 18.9 0.81 9205 237 26 48.4 0.3 64 
Plant L+Chit 1 1 17 0.87 9910 245 93 52.2 0.3 55 
Plant L+Chit 2 1 17 0.87 8731 238 91 46.2 0.3 56 
Plant L+Chit 3 1 14.6 0.75 8226 223 83 43.6 0.4 50 
Plant L+Chit 4 1 13.7 0.71 8912 227 85 47 0.5 44 
Plant L+Chit 5 1 16.2 0.75 8136 220 79 43.1 0.6 50 
Plant L+Chit 6 1 15.8 0.82 8517 223 90 45 0.5 49 
Plant L+Chit 7 1 15.7 0.78 11020 260 98 57.9 0.2 53 
Plant L+Chit 8 1 14.9 0.75 9572 229 91 50.4 0.3 48 
Plant L+Comp 1 1 16.1 0.83 11830 307 171 63.8 b.d. 111 
Plant L+Comp 2 1 17.3 0.91 11180 355 218 61.4 0.1 114 
Plant L+Comp 3 1 16.3 0.92 10170 312 194 55.7 0.2 122 
Plant L+Comp 4 1 21.7 1.07 11320 291 132 60.9 0.1 126 
Plant L+Comp 5 1 17.7 0.88 8445 295 162 46.7 0.1 116 
Plant L+Comp 6 1 21.8 1.04 10240 314 183 56 0.2 115 
Plant L+Comp 7 1 17.5 0.91 11710 312 195 63.5 0.2 115 
Plant L+Comp 8 1 15.8 0.82 9850 272 160 53.5 0.7 108 
Plant L+Fert 1 1 21.1 0.9 11860 278 35 62.1 0.2 75 
Plant L+Fert 2 1 21.7 0.89 13230 293 38 69 0.1 68 
Plant L+Fert 3 1 18.8 0.75 11840 266 33 61.8 0.1 62 
Plant L+Fert 4 1 18.7 0.68 11760 281 37 61.6 0.2 64 
Plant L+Fert 5 1 19.1 0.73 11460 283 35 60.1 0.2 65 
Plant L+Fert 6 1 20.4 0.84 12370 278 35 64.6 0.2 65 
Plant L+Fert 7 1 20.7 0.84 11340 284 36 59.5 b.d. 70 
Plant L+Fert 8 1 21 0.74 13400 300 35 69.9 0.2 69 
Plant Ref 1 10 5.3 0.67 1254 186 100 8.6 0.2 30 
Plant Ref 2 10 4.9 0.52 1146 184 100 8.1 0.2 30 
Plant Ref 3 10 5 0.8 1087 204 100 7.9 0.2 31 
Plant Ref 4 10 4.8 0.54 961 168 92 6.9 b.d. 32 
Plant Ref 5 10 5.1 0.64 1081 195 96 7.8 b.d. 35 
Plant Ref 6 10 4.9 0.59 1034 174 106 7.4 0.1 32 
Plant Ref 7 10 5.3 0.66 1113 200 108 8 b.d. 32 
Plant Ref 8 10 4.3 0.62 1049 198 102 7.6 b.d. 33 
Plant Cont 1 10 2 0.87 5700 137 85 32.7 43 60 
Plant Cont 2 10 1.7 0.9 6002 89 57 34 43.5 71 
Plant Cont 3 10 1.9 0.88 5949 98 57 33.5 48.8 75 
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Appendix B. Batch experiment data (continued).  
 
 
 
  
Group Treat Rep Week 
 
pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Plant Cont 4 10 3.7 6.8 1.7 0.6 59 1552 0.92 368.5 
Plant Cont 5 10 3.4 6.8 1.9 2.2 65 1793 0.97 401.8 
Plant Cont 6 10 3.4 6.7 1.9 2 64 1731 1.38 422.5 
Plant Cont 7 10 3.3 6.7 1.6 1.2 65 1902 1.27 408.5 
Plant Cont 8 10 3.4 6.7 1.8 1 64 1749 1.28 393.6 
Plant Lime 1 10 7.1 7.2 1.6 4.1 62 349 1.72 99.7 
Plant Lime 2 10 7.1 7.2 1.6 6 62 316 1.42 78.9 
Plant Lime 3 10 7.1 7.2 1.5 3.6 65 312 1.38 82.8 
Plant Lime 4 10 7.2 7.2 1.6 2.2 58 296 1.3 84.3 
Plant Lime 5 10 7.2 7.2 1.7 2.2 61 236 1.24 84.1 
Plant Lime 6 10 7.2 7.2 1.8 3.9 71 299 1.48 91.4 
Plant Lime 7 10 7.1 7.2 1.6 4 63 242 1.29 78.6 
Plant Lime 8 10 7.2 7.2 1.8 1.4 58 243 1.09 81.7 
Plant L+Bio 1 10 7.4 7.2 2.1 2.8 71 245 1.5 81.7 
Plant L+Bio 2 10 7.4 7.2 2.3 1.1 64 226 1.38 71.3 
Plant L+Bio 3 10 7.4 7.2 2.2 0.8 65 203 1.19 66.4 
Plant L+Bio 4 10 7.4 7.2 1.9 0.8 71 229 1.16 69.2 
Plant L+Bio 5 10 7.5 7.2 2.1 1.5 80 198 1.36 74.2 
Plant L+Bio 6 10 7.3 7.2 1.8 1.5 63 174 1.21 51.9 
Plant L+Bio 7 10 7.3 7.2 1.7 1.3 85 251 1.24 65.6 
Plant L+Bio 8 10 7.4 7.2 1.9 1.1 62 253 1.51 78.6 
Plant L+Bio+Fert 1 10 7.3 7.2 2 4.2 89 244 1.81 70.3 
Plant L+Bio+Fert 2 10 7.4 7.2 1.6 4.5 88 196 1.89 67.6 
Plant L+Bio+Fert 3 10 7.4 7.2 2 2.3 96 265 1.28 65 
Plant L+Bio+Fert 4 10 7.4 7.2 1.8 5.5 98 241 1.35 67.4 
Plant L+Bio+Fert 5 10 7.4 7.2 1.8 3.7 113 256 1.64 77.9 
Plant L+Bio+Fert 6 10 7.4 7.2 2.4 5.3 99 215 1.58 69.3 
Plant L+Bio+Fert 7 10 7.4 7.2 2 3.7 114 264 1.39 75.1 
Plant L+Bio+Fert 8 10 7.4 7.2 2.4 1.7 94 234 1.05 71.4 
Plant L+Chit 1 10 7.3 7.2 2.6 427.2 69 216 1.24 52.4 
Plant L+Chit 2 10 7.2 7.2 2.1 407.3 49 216 1.18 52.8 
Plant L+Chit 3 10 7.2 7.2 2.6 381.6 52 232 1.26 55.3 
Plant L+Chit 4 10 7.2 7.2 2.4 297.6 52 213 1.27 52.7 
Plant L+Chit 5 10 7.2 7.2 2.5 358.3 50 218 1.22 56.9 
Plant L+Chit 6 10 7.3 7.2 2.1 195.3 55 235 1.24 47.5 
Plant L+Chit 7 10 7.2 7.2 2.5 356.8 54 410 1.22 54.1 
Plant L+Chit 8 10 7.3 7.2 2.5 189.1 48 191 1.44 57.2 
Plant L+Comp 1 10 7.3 7.2 2.3 1.8 87 222 2.24 67.3 
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Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Plant Cont 4 10 2 0.96 4488 102 54 25.9 39.4 70 
Plant Cont 5 10 2.3 0.89 6249 143 84 35.4 67.2 72 
Plant Cont 6 10 3.7 0.93 6377 127 73 36.3 86.5 75 
Plant Cont 7 10 3 0.85 5377 181 90 31.7 107.5 66 
Plant Cont 8 10 2.7 0.86 5846 159 92 33.8 87.2 71 
Plant Lime 1 10 5.8 0.73 11240 120 104 57.8 1.1 72 
Plant Lime 2 10 4.8 0.65 11990 120 93 61.5 0.7 71 
Plant Lime 3 10 4.7 0.63 12310 124 108 63.2 0.2 63 
Plant Lime 4 10 2.4 0.65 11170 111 91 57.3 1.3 65 
Plant Lime 5 10 4 0.63 11780 115 95 60.4 0.3 70 
Plant Lime 6 10 5.6 0.64 13150 154 119 67.7 0.2 68 
Plant Lime 7 10 3.7 0.58 12600 115 110 64.6 b.d 66 
Plant Lime 8 10 4.1 0.61 11110 102 86 56.9 0.2 62 
Plant L+Bio 1 10 2 0.58 9433 115 92 48.7 0.1 57 
Plant L+Bio 2 10 2.1 0.49 9193 109 97 47.5 0.2 55 
Plant L+Bio 3 10 1.9 0.43 9692 84 58 49.6 0.2 55 
Plant L+Bio 4 10 2.1 0.5 9542 114 80 49.2 0.2 57 
Plant L+Bio 5 10 2.2 0.59 10520 122 95 54.2 0.5 61 
Plant L+Bio 6 10 2 0.4 9817 108 102 50.6 0.4 56 
Plant L+Bio 7 10 1.9 0.52 12130 137 130 62.6 0.5 50 
Plant L+Bio 8 10 2.2 0.59 8459 125 107 44 0.5 61 
Plant L+Bio+Fert 1 10 2.1 0.63 8326 114 85 43.2 1.3 57 
Plant L+Bio+Fert 2 10 1.9 0.75 8411 109 89 43.6 1 57 
Plant L+Bio+Fert 3 10 2.2 0.49 10440 132 113 54 1.7 64 
Plant L+Bio+Fert 4 10 2.2 0.46 9454 132 110 49.1 1.2 70 
Plant L+Bio+Fert 5 10 2.4 0.59 10530 145 114 54.6 0.4 63 
Plant L+Bio+Fert 6 10 1.9 0.53 9205 131 101 47.8 1 67 
Plant L+Bio+Fert 7 10 2.7 0.55 9860 150 123 51.4 0.9 62 
Plant L+Bio+Fert 8 10 2.8 0.5 8830 120 100 45.8 1.1 65 
Plant L+Chit 1 10 2.4 0.55 9806 107 97 50.5 1.8 50 
Plant L+Chit 2 10 9.4 0.44 8006 82 70 41.1 1.4 37 
Plant L+Chit 3 10 5.8 0.48 8808 81 65 45.1 2.4 37 
Plant L+Chit 4 10 2.4 0.49 8288 84 68 42.6 3.7 42 
Plant L+Chit 5 10 5.5 0.49 7312 82 67 37.7 3.8 39 
Plant L+Chit 6 10 2.3 0.4 8026 91 75 41.4 5.8 40 
Plant L+Chit 7 10 2.3 0.48 8961 72 65 45.8 10.8 45 
Plant L+Chit 8 10 9.1 0.57 7755 77 58 39.8 8.1 40 
Plant L+Comp 1 10 1.8 0.56 8684 116 67 44.9 b.d. 103 
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Appendix B. Batch experiment data (continued).  
 
 
 
 
Group Treat Rep Week  pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Plant L+Comp 2 10 7.2 7.2 2.7 3.6 116 200 2.17 68.6 
Plant L+Comp 3 10 7.3 7.2 3.1 4.8 89 194 2.47 66.3 
Plant L+Comp 4 10 7.3 7.2 3.3 2.8 91 235 2.64 72.3 
Plant L+Comp 5 10 7.4 7.2 2.8 1.7 96 247 2.73 66.3 
Plant L+Comp 6 10 7.3 7.2 2.3 0.7 95 297 2.63 83.2 
Plant L+Comp 7 10 7.3 7.2 2.8 1.1 99 271 2.44 68.9 
Plant L+Comp 8 10 7.3 7.2 2.4 4.6 101 245 2.41 79.4 
Plant L+Fert 1 10 7.2 7.2 1.8 17.9 87 251 1.21 74.8 
Plant L+Fert 2 10 7.2 7.2 1.7 19.6 86 260 1.26 81.3 
Plant L+Fert 3 10 7.2 7.2 1.8 7.8 80 238 1.17 79.7 
Plant L+Fert 4 10 7.2 7.2 1.7 9.6 88 274 1.45 77.6 
Plant L+Fert 5 10 7.2 7.2 1.5 4.4 81 326 1.38 77.1 
Plant L+Fert 6 10 7.2 7.2 1.8 6.6 82 291 1.48 78.3 
Plant L+Fert 7 10 7.3 7.2 2 22.5 77 265 1.16 69.3 
Plant L+Fert 8 10 7.2 7.2 2 8 88 327 1.62 79.5 
Soil Ref 1 1 6.2 6.9 4.7 13.6 275 54 4.16 78.7 
Soil Ref 2 1 6.4 7 3.9 13.1 239 60 3.91 71.7 
Soil Ref 3 1 6.3 6.9 4.3 12.2 271 62 4.58 78.7 
Soil Ref 4 1 6.2 6.9 4.3 12.7 277 56 4.43 97.4 
Soil Ref 5 1 6.2 6.9 3.8 11.3 255 59 5.2 113.6 
Soil Ref 6 1 6.3 6.9 3.6 10.6 281 67 4.62 106.1 
Soil Ref 7 1 6.5 6.9 3.7 9.9 256 205 4.54 93.8 
Soil Ref 8 1 6.5 7 3.7 11 254 196 4.19 84.6 
Soil Cont 1 1 2.8 5.2 3.8 0.5 196 3090 5.79 1157 
Soil Cont 2 1 3 5.3 4.5 0.5 188 3080 5.81 1138 
Soil Cont 3 1 2.7 5.1 4 0.4 192 2960 5.85 1164 
Soil Cont 4 1 2.7 5.3 3.8 0.4 165 3130 5.48 1130 
Soil Cont 5 1 2.9 5.2 3.8 0.4 201 3180 5.93 1172 
Soil Cont 6 1 2.9 5.3 3.8 0.4 205 3590 5.96 1188 
Soil Cont 7 1 2.7 5.3 4.4 0.5 213 3080 6.41 1303 
Soil Cont 8 1 2.8 5.3 4.5 0.5 219 3230 6.23 1278 
Soil Lime 1 1 6.1 6.9 3.4 2.4 138 2630 1.51 210.9 
Soil Lime 2 1 6.3 6.9 3.9 3 130 2640 1.45 218 
Soil Lime 3 1 6.2 6.9 3.3 2.7 138 2440 1.6 250.9 
Soil Lime 4 1 6.5 7 3.3 2.8 140 2300 1.66 245.2 
Soil Lime 5 1 6.3 6.9 3.8 2.5 142 2280 1.4 218.5 
Soil Lime 6 1 6.5 7 3.4 2.3 134 2390 1.55 220.2 
Soil Lime 7 1 6.3 6.9 3.7 3.3 134 2550 1.3 180.3 
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Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Plant L+Comp 2 10 1.7 0.54 9374 118 64 48.4 0.2 114 
Plant L+Comp 3 10 1.9 0.57 7572 113 63 39.3 0.3 108 
Plant L+Comp 4 10 2.2 0.62 7755 131 107 40.6 0.6 101 
Plant L+Comp 5 10 2.1 0.59 7196 122 92 37.6 0.6 115 
Plant L+Comp 6 10 2.2 0.66 9268 126 98 48.1 0.5 118 
Plant L+Comp 7 10 2 0.62 8180 128 91 42.6 0.5 102 
Plant L+Comp 8 10 2.1 0.63 8400 121 90 43.7 0.4 117 
Plant L+Fert 1 10 5.5 0.54 12390 125 108 63.7 b.d. 65 
Plant L+Fert 2 10 6.5 0.58 12680 126 120 65.2 0.4 68 
Plant L+Fert 3 10 6.5 0.55 12590 111 103 64.5 0.4 60 
Plant L+Fert 4 10 4 0.59 12690 137 107 65.3 0.3 68 
Plant L+Fert 5 10 5.4 0.56 11690 117 104 60.1 0.2 66 
Plant L+Fert 6 10 5.7 0.6 10580 127 98 54.6 0.3 65 
Plant L+Fert 7 10 2.4 0.57 10630 113 102 54.7 0.5 66 
Plant L+Fert 8 10 6.6 0.58 11120 130 94 57.3 0.1 68 
Soil Ref 1 1 23.4 1.1 1664 193 29 11.5 0.4 50 
Soil Ref 2 1 22.7 1.01 1513 175 28 10.2 0.2 42 
Soil Ref 3 1 28.4 1.22 1605 179 30 10.9 0.3 50 
Soil Ref 4 1 40 1.33 1673 188 30 11.3 0.4 51 
Soil Ref 5 1 39 1.26 1595 179 28 10.9 0.5 53 
Soil Ref 6 1 51.9 1.51 1730 191 29 11.7 0.7 60 
Soil Ref 7 1 52.3 1.52 1612 176 29 11.1 1 59 
Soil Ref 8 1 44.3 1.44 1634 178 29 10.8 0.6 53 
Soil Cont 1 1 62.7 1.74 11170 716 65 80.4 810.3 119 
Soil Cont 2 1 63.3 2.05 10680 672 62 77.1 621.9 115 
Soil Cont 3 1 63.2 1.89 11000 719 56 80.6 530.4 113 
Soil Cont 4 1 58.5 1.72 9234 620 50 68.9 660 108 
Soil Cont 5 1 64.3 1.73 11420 736 61 81.6 613.4 123 
Soil Cont 6 1 64.1 1.7 11530 752 60 81.5 700.5 115 
Soil Cont 7 1 68.5 1.93 11550 788 61 82.3 710.2 116 
Soil Cont 8 1 66.3 1.88 11970 774 61 83.7 643.1 113 
Soil Lime 1 1 24 0.98 15310 343 50 81.1 4.4 79 
Soil Lime 2 1 24.4 1.04 14520 325 59 76.5 0.9 78 
Soil Lime 3 1 25.7 1.1 15000 332 43 78.9 0.6 92 
Soil Lime 4 1 26.6 1.08 14820 350 44 77.9 0.5 86 
Soil Lime 5 1 24.4 1 16120 349 45 84.6 0.5 81 
Soil Lime 6 1 29.5 1.05 14730 330 42 77.1 0.2 82 
Soil Lime 7 1 22 0.9 14250 326 42 75.1 0.3 80 
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Appendix B. Batch experiment data (continued).  
 
 
 
 
Group Treat Rep Week  pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Soil Lime 8 1 6.4 7 4.5 4 143 4100 1.4 206.4 
Soil L+Bio 1 1 6.4 6.9 3.8 5.5 172 5075 1.72 210 
Soil L+Bio 2 1 6.5 7 4.1 4.8 169 4425 1.69 207.2 
Soil L+Bio 3 1 6.6 7.2 4.1 6.2 162 3475 1.54 176.3 
Soil L+Bio 4 1 6.7 7.2 3.8 6.9 170 4225 1.58 180.8 
Soil L+Bio 5 1 6.3 7 3.7 4.9 162 4675 1.61 207.1 
Soil L+Bio 6 1 6.7 7.2 3.6 7.8 164 3725 1.56 163.6 
Soil L+Bio 7 1 6.4 7 3.2 6.2 163 4175 1.72 199.7 
Soil L+Bio 8 1 6.5 7 3.2 6.8 159 4000 1.59 202.6 
Soil L+Bio+Fert 1 1 6.5 7 4.2 15.4 142 3100 1.43 176 
Soil L+Bio+Fert 2 1 6.6 7.2 3.4 13.3 155 4075 1.6 173.2 
Soil L+Bio+Fert 3 1 6.4 7 3.6 8.1 158 4325 1.8 197.4 
Soil L+Bio+Fert 4 1 6.5 7 4.1 11.1 153 3475 1.5 190.3 
Soil L+Bio+Fert 5 1 6.5 7 3 14.6 153 3500 1.48 179.6 
Soil L+Bio+Fert 6 1 6.9 7.2 4.5 15.3 153 4125 1.4 172.6 
Soil L+Bio+Fert 7 1 6.5 7 3.7 11.1 174 3925 1.71 197.2 
Soil L+Bio+Fert 8 1 6.5 7 3.5 11.6 164 4075 1.44 187.2 
Soil L+Chit 1 1 6.4 7 5.6 4.3 127 3775 1.48 182.1 
Soil L+Chit 2 1 6.6 7.2 5.3 3.7 128 3900 1.46 176.9 
Soil L+Chit 3 1 6.5 7 5.2 4 121 3400 1.42 170.8 
Soil L+Chit 4 1 6.7 7.2 5.2 3.8 126 3725 1.47 174.3 
Soil L+Chit 5 1 6.4 7 4.8 3.2 127 4275 1.63 209 
Soil L+Chit 6 1 6.4 7 4.8 4.5 128 3650 1.55 187.2 
Soil L+Chit 7 1 6.4 7 6.2 3.6 124 3925 1.49 189.7 
Soil L+Chit 8 1 6.6 7.2 5.5 4 126 2675 1.5 183 
Soil L+Comp 1 1 6.6 7 4.5 41.3 591 3475 2.56 182.2 
Soil L+Comp 2 1 6.6 7.2 4.5 38 477 3500 2.5 176.2 
Soil L+Comp 3 1 6.5 7 3.6 10.6 562 3825 2.53 182.9 
Soil L+Comp 4 1 6.5 7 4.2 36 578 4225 2.55 183.8 
Soil L+Comp 5 1 6.4 7 4.1 33.3 536 3875 2.32 175.8 
Soil L+Comp 6 1 6.7 7.2 3.9 34 554 4425 2.73 189.5 
Soil L+Comp 7 1 6.5 7 5.1 35.8 521 3575 2.8 183.7 
Soil L+Comp 8 1 6.6 7.2 4.6 42.8 582 2600 2.65 173.7 
Soil L+Fert 1 1 6.3 7 3.7 9.6 136 4100 1.36 208.6 
Soil L+Fert 2 1 6.5 7 3.9 9 149 4475 1.41 211.4 
Soil L+Fert 3 1 6.5 7 3.8 6.8 137 3625 1.27 200.9 
Soil L+Fert 4 1 6.5 7 3.9 11.2 153 4250 1.33 216.6 
Soil L+Fert 5 1 6.5 7 3.8 5.2 143 3550 1.24 196.6 
Soil L+Fert 6 1 6.5 7 3.9 9.4 153 4400 1.42 238.3 
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Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Soil Lime 8 1 23.9 0.93 15940 352 45 83.3 0.3 83 
Soil L+Bio 1 1 25 0.92 14510 332 38 76.5 1.3 75 
Soil L+Bio 2 1 25.5 0.87 13900 342 38 73.2 5.4 77 
Soil L+Bio 3 1 23 0.89 13560 300 34 70.9 0.2 78 
Soil L+Bio 4 1 24.4 0.95 13840 335 42 72.6 b.d. 77 
Soil L+Bio 5 1 24.5 0.92 13710 314 34 72.1 0.3 76 
Soil L+Bio 6 1 21.4 0.75 13200 330 38 69.3 0.2 75 
Soil L+Bio 7 1 26.5 0.88 14370 312 35 75.2 0.4 89 
Soil L+Bio 8 1 25.7 0.93 13110 305 33 68.6 0.3 84 
Soil L+Bio+Fert 1 1 22.7 0.9 11470 286 36 60.3 0.2 77 
Soil L+Bio+Fert 2 1 22.8 0.91 12180 290 34 63.9 0.3 82 
Soil L+Bio+Fert 3 1 23.6 0.91 13990 291 37 73.1 0.6 90 
Soil L+Bio+Fert 4 1 22.6 0.92 12210 284 36 64.1 0.5 78 
Soil L+Bio+Fert 5 1 21.4 0.91 13890 291 35 72.5 0.5 80 
Soil L+Bio+Fert 6 1 21 0.98 13190 289 36 68.9 0.8 70 
Soil L+Bio+Fert 7 1 25.1 1.1 14240 334 39 74.9 0.6 78 
Soil L+Bio+Fert 8 1 22.9 0.88 13440 316 38 70.6 0.4 78 
Soil L+Chit 1 1 21.4 1.04 13750 287 94 72 0.6 72 
Soil L+Chit 2 1 21.2 0.97 13950 288 91 72.9 0.5 73 
Soil L+Chit 3 1 21.1 0.9 13170 283 86 69.1 0.4 70 
Soil L+Chit 4 1 21.4 0.98 13690 296 91 71.6 0.2 72 
Soil L+Chit 5 1 25.6 1.01 13290 292 94 69.9 0.7 83 
Soil L+Chit 6 1 23.2 1.02 13550 297 96 71.1 0.3 74 
Soil L+Chit 7 1 22.5 1 12960 292 88 68.2 0.4 73 
Soil L+Chit 8 1 21.8 1 13050 308 98 68.6 0.2 74 
Soil L+Comp 1 1 19.7 0.96 14150 392 179 76.3 0.3 125 
Soil L+Comp 2 1 18.7 0.93 10590 380 169 58.1 0.3 124 
Soil L+Comp 3 1 20.4 1 14550 361 164 78.1 0.3 122 
Soil L+Comp 4 1 20.1 0.96 14920 363 171 79.9 0.3 121 
Soil L+Comp 5 1 19 0.99 14240 338 153 76.2 0.3 119 
Soil L+Comp 6 1 22.9 1.12 13600 370 164 73.2 0.6 130 
Soil L+Comp 7 1 20.8 0.99 13080 342 153 70.3 0.2 113 
Soil L+Comp 8 1 20.5 0.96 14510 373 178 77.9 0.2 117 
Soil L+Fert 1 1 22.9 0.97 14420 313 41 75.6 0.3 86 
Soil L+Fert 2 1 24.1 0.94 15900 359 45 83.3 0.3 86 
Soil L+Fert 3 1 22.7 1.03 15000 309 39 78.2 0.1 82 
Soil L+Fert 4 1 24 1 16590 367 47 86.7 0.3 91 
Soil L+Fert 5 1 21.8 0.92 14710 313 40 76.7 0.4 87 
Soil L+Fert 6 1 25 1.04 16110 365 47 84.3 0.4 85 
!
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Appendix B. Batch experiment data (continued).  
 
 
 
 
Group Treat Rep Week  pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Soil L+Fert 7 1 6.4 7 3.5 4.5 149 3650 1.31 209.1 
Soil L+Fert 8 1 6.7 7.2 3.8 4.6 132 3450 1.33 210.9 
Soil Ref 1 10 7.3 7.2 3.4 19.8 247 51 3.91 106.9 
Soil Ref 2 10 7.1 7.2 3.9 42.7 213 56 3.5 46.5 
Soil Ref 3 10 7.3 7.2 3.6 27.3 250 45 4.06 62.6 
Soil Ref 4 10 7.2 7.2 2.5 39.9 227 51 3.55 45.5 
Soil Ref 5 10 7.7 7.2 3.2 33.2 233 35 4.49 55.6 
Soil Ref 6 10 7.5 7.2 2.8 34.4 214 45 4.92 44.6 
Soil Ref 7 10 7 7.2 3.3 50.8 239 72 4.43 42.2 
Soil Ref 8 10 7.4 7.2 3.5 24.9 215 25 4.86 41.2 
Soil Cont 1 10 2.9 6.4 2.6 1 125 1520 2.2 595.5 
Soil Cont 2 10 2.9 6.5 3.4 1.1 119 1510 2.23 608 
Soil Cont 3 10 2.8 6.4 3.7 1.1 127 1570 2.72 621 
Soil Cont 4 10 2.8 6.5 2.9 1.2 117 1610 1.85 617 
Soil Cont 5 10 2.8 6.4 2.7 1.1 155 1780 2.19 652 
Soil Cont 6 10 2.9 6.5 3.1 1.1 129 1700 1.58 615.5 
Soil Cont 7 10 2.9 6.4 2.8 1.1 114 1670 1.65 575.5 
Soil Cont 8 10 3.6 6.4 3 0.9 140 1650 2.01 598 
Soil Lime 1 10 5.2 6.8 2.7 4 113 1290 2.07 336 
Soil Lime 2 10 4.6 6.8 3.2 6.3 99 1290 2.09 295.1 
Soil Lime 3 10 4.6 6.8 3.2 9.9 102 1270 2.01 297.4 
Soil Lime 4 10 4.7 6.8 3.1 17 87 1260 1.71 283.1 
Soil Lime 5 10 4.6 6.8 3.1 10.4 87 1250 2.03 308.9 
Soil Lime 6 10 4.7 6.8 2.9 10 101 1280 2.25 291.5 
Soil Lime 7 10 4.6 6.8 3.1 26.3 131 1470 2.42 271.3 
Soil Lime 8 10 4.5 6.8 3 10.2 121 1470 2.27 300 
Soil L+Bio 1 10 4.2 6.8 3.8 5.7 136 1492 2.2 311.5 
Soil L+Bio 2 10 4.7 6.8 3.3 4.4 99 1332 1.61 331.4 
Soil L+Bio 3 10 4.6 6.8 3.5 7.3 126 1343 2.12 266.4 
Soil L+Bio 4 10 4.7 6.8 2.1 6.6 122 1331 2.03 253.7 
Soil L+Bio 5 10 4.2 6.8 2.8 4.5 122 1459 1.85 298.9 
Soil L+Bio 6 10 4.7 6.9 3 27.4 159 1561 2.1 260.2 
Soil L+Bio 7 10 4.7 6.8 3.1 8.7 115 1360 2.16 258.3 
Soil L+Bio 8 10 4.7 6.8 3.6 7.4 123 1276 2.17 251.7 
Soil L+Bio+Fert 1 10 4.8 6.8 3.7 57 205 1525 2.07 262.6 
Soil L+Bio+Fert 2 10 4.6 6.8 3.1 24.6 142 1672 1.87 268.4 
Soil L+Bio+Fert 3 10 4.7 6.8 3.7 29.4 149 1514 1.89 269.1 
Soil L+Bio+Fert 4 10 4.6 6.8 3.3 29.7 167 1519 1.65 279.8 
!
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Appendix B. Batch experiment data (continued).  
 
 
 
 
Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Soil L+Fert 7 1 23.7 0.96 15150 331 41 79.3 0.3 88 
Soil L+Fert 8 1 23.4 0.96 13550 277 35 70.5 0.3 90 
Soil Ref 1 10 11.8 0.91 1478 242 113 10.5 0.2 53 
Soil Ref 2 10 6.3 0.87 1511 247 115 10.7 0.2 46 
Soil Ref 3 10 7.3 0.89 1392 238 110 10.1 0.7 48 
Soil Ref 4 10 6.4 0.87 1453 239 119 10.4 b.d. 50 
Soil Ref 5 10 8.8 1.02 1494 230 104 10.4 0.2 51 
Soil Ref 6 10 7.3 1 1410 227 109 10 b.d. 47 
Soil Ref 7 10 6.6 0.87 1381 211 105 9.7 b.d. 49 
Soil Ref 8 10 6.4 0.84 1358 220 110 9.7 b.d. 41 
Soil Cont 1 10 4.1 1.08 8770 199 92 51.7 152.6 61 
Soil Cont 2 10 3.8 1.13 9296 160 78 53.4 122.3 61 
Soil Cont 3 10 4.3 1.12 8581 204 96 51.2 138.4 64 
Soil Cont 4 10 3.3 1.14 8451 193 88 49.9 123.3 62 
Soil Cont 5 10 7.1 1.05 9719 225 86 57.1 183.7 59 
Soil Cont 6 10 3.2 1.12 10020 163 77 57.1 150.3 63 
Soil Cont 7 10 3.2 0.99 8750 197 88 51.9 133.7 65 
Soil Cont 8 10 4 0.97 9467 265 102 56.2 235.8 62 
Soil Lime 1 10 19.1 0.85 15700 236 90 83.3 43.1 83 
Soil Lime 2 10 18 0.82 16070 184 83 84.4 25.7 77 
Soil Lime 3 10 17.4 0.84 14990 187 95 79.1 23.8 79 
Soil Lime 4 10 16 0.78 14440 151 90 75.7 23.7 75 
Soil Lime 5 10 16.5 0.8 14140 156 77 74.6 23.8 59 
Soil Lime 6 10 16.9 0.8 15110 174 88 79.4 21.2 85 
Soil Lime 7 10 19.5 0.85 15350 376 120 82.6 32.5 82 
Soil Lime 8 10 20.3 0.81 16090 274 109 85.3 45 84 
Soil L+Bio 1 10 20.9 0.78 13450 233 81 72.4 63.6 86 
Soil L+Bio 2 10 7.7 0.78 13790 143 72 72.8 39.4 75 
Soil L+Bio 3 10 14.3 0.8 14140 182 85 74.9 24.5 85 
Soil L+Bio 4 10 10.4 0.74 13730 179 92 72.5 21 84 
Soil L+Bio 5 10 16.2 0.72 13200 225 89 70.9 49.3 92 
Soil L+Bio 6 10 14.7 0.77 9242 372 115 51.6 10.2 85 
Soil L+Bio 7 10 12.5 0.78 14370 164 87 75.4 13.4 85 
Soil L+Bio 8 10 14.8 0.79 14380 179 83 75.6 21.9 90 
Soil L+Bio+Fert 1 10 18.5 0.89 14520 383 111 78.6 13.3 93 
Soil L+Bio+Fert 2 10 16.7 0.71 11730 171 90 62.7 51.7 87 
Soil L+Bio+Fert 3 10 14.9 0.74 12410 163 76 66 26.6 99 
Soil L+Bio+Fert 4 10 11.2 0.72 12540 211 80 67 17.5 92 
!
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Appendix B. Batch experiment data (continued).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Group Treat Rep Week  pH 
WDRF  
pH 
OM 
LOI % 
NO3 
ppm 
K 
ppm 
SO4 
ppm 
Zn 
ppm 
Fe 
ppm 
Soil L+Bio+Fert 5 10 4.8 6.8 3.1 21.8 146 1348 1.84 257.9 
Soil L+Bio+Fert 6 10 4.5 6.8 2.9 19.8 183 1363 1.89 283.1 
Soil L+Bio+Fert 7 10 4.6 6.8 2.9 26.4 167 1393 1.61 266.8 
Soil L+Bio+Fert 8 10 4.6 6.8 3.3 25.6 159 1561 1.91 280.4 
Soil L+Chit 1 10 5.4 6.9 3.1 213.8 89 1196 1.87 185.7 
Soil L+Chit 2 10 5.7 6.9 3.8 199.5 99 1139 2.29 153.9 
Soil L+Chit 3 10 5.5 6.9 3.3 226.8 121 1218 2.04 166 
Soil L+Chit 4 10 5.4 6.9 3.5 272.7 120 1269 1.95 159.7 
Soil L+Chit 5 10 5.4 6.9 3.1 307.6 82 1128 1.73 149.2 
Soil L+Chit 6 10 5.8 6.9 3.4 99.5 90 1088 1.7 121.6 
Soil L+Chit 7 10 5.6 6.9 3.4 192.9 85 1058 1.75 162.4 
Soil L+Chit 8 10 5.8 6.9 3.6 100.3 128 1354 1.97 156.6 
Soil L+Comp 1 10 5.2 6.8 3.7 28.4 237 1274 3.24 227.9 
Soil L+Comp 2 10 5.2 6.9 3.5 42 242 1297 3.48 222.6 
Soil L+Comp 3 10 5.2 6.9 3.1 23.7 202 1245 3.59 215.7 
Soil L+Comp 4 10 4.9 6.9 4.1 34.5 365 1429 3.14 236.8 
Soil L+Comp 5 10 5.2 6.9 4 21.7 174 1288 3.06 206.3 
Soil L+Comp 6 10 5.1 6.9 3.6 16.3 201 1430 3.41 238.6 
Soil L+Comp 7 10 5.2 6.9 4.4 103.8 561 1626 3.63 226 
Soil L+Comp 8 10 5.3 6.9 3.5 23.2 173 1303 3.24 233.7 
Soil L+Fert 1 10 4.7 6.8 2.5 23.8 146 1300 2.13 291.6 
Soil L+Fert 2 10 4.7 6.9 1.8 29 139 1280 1.96 263.9 
Soil L+Fert 3 10 4.8 6.8 4.2 32.2 131 1230 2.46 274.1 
Soil L+Fert 4 10 4.7 6.8 2.5 22.5 145 1280 2.28 284.8 
Soil L+Fert 5 10 4.6 6.8 2.4 30.5 124 1380 1.96 274.1 
Soil L+Fert 6 10 4.8 6.8 2.6 35.1 145 1250 1.97 264.6 
Soil L+Fert 7 10 4.6 6.8 3.1 22.8 132 1280 2.26 277.9 
Soil L+Fert 8 10 4.7 6.8 2.1 17.5 128 1240 1.92 248.6 
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Group Treat Rep Week 
Mn 
ppm 
Cu 
ppm 
Ca 
ppm 
Mg 
ppm 
Na 
ppm 
CEC 
me/100g 
Al 
ppm 
P 
ppm 
Soil L+Bio+Fert 5 10 11.2 0.72 12640 164 86 67.2 9.8 76 
Soil L+Bio+Fert 6 10 14 0.79 15680 180 86 82.6 21.7 80 
Soil L+Bio+Fert 7 10 5.9 0.73 15000 230 121 80 21.3 89 
Soil L+Bio+Fert 8 10 13.9 0.75 12600 207 90 67.3 30.4 97 
Soil L+Chit 1 10 18.7 0.75 13190 162 91 68.8 2.2 67 
Soil L+Chit 2 10 18.3 0.7 14050 217 95 73.5 1.6 65 
Soil L+Chit 3 10 23.1 0.76 14650 331 130 77.9 1.3 70 
Soil L+Chit 4 10 20.7 0.72 15330 334 126 81.2 1.5 68 
Soil L+Chit 5 10 18.9 0.68 13890 141 83 72.1 1.5 61 
Soil L+Chit 6 10 15.3 0.67 12920 169 81 67.2 1 60 
Soil L+Chit 7 10 16.7 0.77 13790 143 77 71.6 1.1 62 
Soil L+Chit 8 10 21.4 0.76 15100 338 148 80.1 1.9 63 
Soil L+Comp 1 10 13.3 0.86 14680 245 91 77.9 1.5 141 
Soil L+Comp 2 10 14.4 0.92 15110 215 85 79.6 1.9 143 
Soil L+Comp 3 10 14.4 0.85 15550 211 99 81.9 0.7 141 
Soil L+Comp 4 10 14 0.82 14600 302 97 78.3 3.8 150 
Soil L+Comp 5 10 11.2 0.82 13200 170 84 69.4 1.7 138 
Soil L+Comp 6 10 16.1 0.87 13360 216 92 70.9 2.9 147 
Soil L+Comp 7 10 19.5 0.84 14600 545 305 81.6 2.1 154 
Soil L+Comp 8 10 13.8 0.88 14390 181 104 75.8 3 139 
Soil L+Fert 1 10 16.5 0.84 15400 202 81 81.2 23.7 85 
Soil L+Fert 2 10 15.3 0.83 14300 185 74 75.1 23.2 85 
Soil L+Fert 3 10 11.7 0.93 10820 217 93 58.3 15.6 87 
Soil L+Fert 4 10 18.1 0.84 15060 193 68 79.1 22.8 86 
Soil L+Fert 5 10 14.8 0.82 15050 157 63 79.1 21.7 93 
Soil L+Fert 6 10 15.2 0.79 15230 195 73 80 14.3 83 
Soil L+Fert 7 10 15.6 0.87 15300 192 54 80.6 24.8 83 
Soil L+Fert 8 10 14.9 0.82 14430 179 56 75.8 21.6 83 
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Appendix C. Scanning electron microscopy. 
Summary 
We used a scanning electron microscope (SEM) to confirm that the trap and skeet targets 
were being weathered in the field. We scanned the outside and inside surfaces of a target 
obtained from the field. Bacteria can only oxidize S0 on particle surfaces,1 so we expected 
to see weathering on the outside but not the inside. We broke a weathered particle in half 
to expose the inside surface. Samples were coated with C. Samples were scanned with a 
Vega3 TESCAN SEM (Kohoutovice, Czech Republic). Scans were conducted at a 20 kV 
light intensity, 1000x magnification, and with a secondary electron detector.  
Results and Discussion 
Elemental sulfur covered the majority of the outside surface of the target (Figures 1-2). 
Calcium, C, and O were located in discrete locations. In contrast, S, Ca, C, and O 
homogeneously covered nearly the entire inside surface (Figures 3-4). These chemical 
maps suggest that S, Ca, C, and O were homogenously mixed in the targets, but the 
weathering process altered the surface composition in which Ca, C, and O became absent 
and S dominated.  
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Appendix C. Scanning electron microscopy (continued).
 
Figure 1. SEM image of the outside surface of a target obtained from the field. 
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Appendix C. Scanning electron microscopy (continued). 
 
Figure 2. Chemical map of SEM image shown in Figure 1.  
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Appendix C. Scanning electron microscopy (continued). 
 
 
Figure 3. SEM image of the inside surface of a target obtained from the field. 
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Appendix C. Scanning electron microscopy (continued). 
 
Figure 4. Chemical map of SEM image shown in Figure 3.  
Reference 
(1) Lawrence, J. R.; Germida, J. J. Microbial and chemical characteristics of elemental 
sulfur beads in agricultural soils. Soil Biol. Biochem. 1991, 23, 617–622. 
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Appendix C. Sampling ranges across the United States. 
Summary 
Chapter 1 focuses on a single sporting clay range. We set out to determine if pH 
decreased at other shooting ranges due to S0 oxidation where trap and skeet targets 
accumulated. To do this, we contacted the managers of 103 shooting ranges across the 
United States by phone or email and asked them whether they would like to participate in 
our study. If so, they were mailed an Informed Consent Agreement (Figure 5) and asked 
to follow a simple sampling protocol (Figure 6). The sampling protocol asked them to 
sample soils inside and outside a target fall zone. Upon receipt of soils from all 
participating ranges, soil chemistry was analyzed following the protocol described in 
Chapter 2. We calculated the difference in both pH and SO42- concentrations between 
outside and inside the target fall area. We analyzed the data with the non-parametric two-
tailed Spearman rank order correlation analysis. Statistics were performed with SPSS 
(version 20; α=0.05). 
Results and discussion 
We did not observe a statistical relationship between the change in SO42- and the change 
in pH (ρ = -0.68, P = 0.094; Figure 7). Our small sample size (n = 7), variable site 
history, and inconsistent sampling techniques may explain the lack of a relationship. Very 
few ranges opted to participate when given the opportunity–potentially due to a perceived 
legal risk. During the process, we learned of ranges that exclusively used biodegradable 
targets and contamination was evident. When these ranges were contacted, they would 
not reply to our messages. Some of the ranges that participated were public and the 
managers were unsure of what type of target people brought to the ranges; this  
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Appendix C. Sampling ranges across the United States (continued). 
uncertainty made it difficult to determine if biodegradable targets were used, unless high 
concentrations of SO42- were detected in the soils. Lastly, we expected that the range 
managers might not sample exactly following the protocol, which could introduce 
variability to the data.  
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Appendix C. Sampling ranges across the United States (continued). 
 
Figure 5. The Informed Consent Agreement sent to participating ranges.  
 
 
 
 
 
 
 
Project Title: Environmental consequences of trap shooting targets 
Page 1 of 2 
Informed Consent Agreement 
 
Please read this consent agreement carefully before you decide to participate in the 
study. 
 
Purpose of the study: Most research at shooting ranges focuses on the fate and toxicity 
of lead. These studies do not account for secondary contamination from trap targets. This 
study will investigate the environmental consequences of trap targets at shooting ranges 
throughout the country. Soils will be analyzed for: pH, sulfate, organic matter, potassium, 
zinc, iron, manganese, calcium, and sodium. Lead, the primary constituent in spent 
ammunition will not be analyzed. Data may be used in a Master’s thesis and scientific 
publication. 
 
What you will do in the study: You will sample soils at your range following the 
“Protocol for soil sampling” form. Samples can then be mailed back to the researcher 
from a post office or shipping center. Participation should take less than an hour. 
 
Risks: Shooting range soils can be contaminated with heavy metals, persistent organic 
pollutants, and other harmful substances. Avoid inhalation of soil dust and direct contact 
between skin and soil. If a soil spill occurs, the soil should be swept into a pan with a 
broom and discarded. 
 
Benefits: The study may help us understand the relationship between soil acidification 
and trap shooting targets. You will be given the soil test results upon your request.  
 
Confidentiality: Your participation will be confidential and not disclosed by the 
researcher. Soil test results will be de-identified from your location in subsequent theses 
and publications. All results will be confidential unless you request a copy of the results. 
If you request the results, the results become your responsibility. 
 
If you would like to receive your soil test results, please check the method with which 
you would like to acquire the results. 
 
Mail 
Please write your mailing address below. 
 
 
 
      
 
Email 
Please write your email address below. 
 
 
Telephone 
Please write your telephone number below. 
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Appendix C. Sampling ranges across the United States (continued). 
 
Figure 5. The Informed Consent Agreement sent to participating ranges (continued). 
 
 
 
Project Title: Environmental consequences of trap shooting targets 
Page 2 of 2 
If you have questions about the study, please contact: 
Mike McTee 
19400 Lower Woodchuck Rd 
Florence, MT 59833 
Telephone: (425) 478-7803 
Email: michael.mctee@umontana.edu 
Website: http://www.cas.umt.edu/geosciences/people/students.php?id=2300 
 
Or, you can contact the researcher’s thesis advisor: 
Nancy W. Hinman, Ph.D 
Geosciences 
University of Montana 
32 Campus Dr. #1296 
Missoula, MT 59812-1296 
Telephone: (406) 243-2341 
Email: nancy.hinman@umontana.edu 
Website: http://www.cas.umt.edu/geosciences/people/faculty-details.php?id=619 
 
 
Agreement: 
I understand that my participation is voluntary and have read the above material. I agree 
to participate in study described above. 
 
 
Signature:                  Date:  
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Appendix C. Sampling ranges across the United States (continued). 
 
 
Figure 6. The protocol for soil sampling that was sent to participating ranges. 
 
 
Protocol for soil sampling 
 
Mike McTee 
19400 Lower Woodchuck Rd, Florence, MT 59833 
Telephone: (425) 478-7803 
michael.mctee@umontana.edu 
 
Thank you for participating in this study. Soil chemical analysis will be performed upon receipt 
of soils from all participating ranges, so if you choose to receive your results, please expect to 
receive them in approximately three months. Please have the return envelope post-marked by 
March 16, 2015 to ensure that your samples get analyzed. Please contact me if you cannot send 
the envelope by the aforementioned date.  
 
1) Identify an area where trap target debris accumulates. 
 
2) Once in the area, throw an object in a random direction but ensure that it lands in the 
target fall area–the landing spot will be the first sampling location. The throwing object 
can be anything that can be easily thrown (e.g. a stone, stick, ammo cartridge, etc.). At 
the location of the object, dig to 2” depth and excavate a 2” x 2” surface area patch of soil 
(measurements shown on wood stick). Place approximately a half-handful of that soil 
into the sample bag labeled “Inside Target Fall Zone” (shown on wood stick). Repeat 
this two more times and add the soil to the same bag. A bag filled to 2/3 of capacity will 
be sufficient. Figure 1 demonstrates the sampling design. 
 
3) Locate the edge of the target fall area where target fragments become absent. It would be 
best to find the lateral edge of the zone–i.e. the direction perpendicular to the direction 
shooters shoot to minimize the sampling of shot pellets. Once at that edge, walk 20 feet 
away from the target fall area. Make sure you are at least 20 feet away from other target 
fall areas. Repeat step 2, but place soil in the bag labeled “Outside Target Fall Zone”. 
 
4) On each soil bag, fold down the top and seal with the metal top that is attached to the bag. 
 
5) Place the soil bags and consent agreement into the shipping package and return to the 
address marked on the package. Prepaid envelopes must be handed to a shipping clerk at 
a Post Office or shipping center. If they are placed in a mail bin they will be returned to 
the sender. 
 
 
Figure 1. Layout of sampling design. Black dots indicate randomly selected sampling locations 
that will vary for each site. 
Shooting Platform 
Sample Bags 
“Inside Target Fall Zone” 
“Outside Target Fall Zone” 
Shooting Direction 
Target fall zone 
Target free zone 
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Appendix C. Sampling ranges across the United States (continued). 
 
Figure 7. Relationship between the differences in SO42- and pH from outside and inside 
target fall areas. The open dot represent the site described in Chapter 1. (n=7) 
∆ 
pH
 
∆ SO42- (ppm) 
ρ = -0.68 
P = 0.094 
